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ABSTRACT

This thesis examines several atomic collisional processes involved in controlled
thermonuclear fusion. Specifically, experimental studies have been made on the stateselective single capture reaction
3He2+ + H e —> 3He+(n) + He+(n'),

(1)

on the double capture reaction
3He2+ + H e —> 3He + He2+ ,

(2)

and on the single ionization of atomic targets X
Aq+ + X —> Aq+ + X+ +

e\

(3)

by charged projectiles Aq+. Reactions (1) and (2) have an importance in plasma energy
balance and in plasma diagnostics for fusion reactors. The ionization reaction (3) plays
a significant role in neutral beam heating and energy balance in fusion plasmas.
Total cross sections were measured for capture into final states of n=n'=l and the
sum of the states n=2, n'=l and n=l, n'=2 for reaction (1) at projectile energies of 15,
30 and 45 keV/amu. Differential cross sections as a function of scattering angle for
reaction (2) have been measured for a projectile energy of 60 keV/amu. The single
ionization reaction (3) has been studied by examining ionization of the rare gases by
protons and alpha particles. The experimental work led to the discovery of a new
ionization mechanism and this mechanism has led to the derivation of scaling laws
which play an important role in computational modeling of fusion plasmas.
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I. INTRODUCTION

Atomic collisions play an important role in controlled thermonuclear fusion. In
inertial confinement methods atomic collisional phenomena are involved in the design
and production of high energy lasers and ion beams, in the understanding of absorption
and stopping of laser light and energetic ions in the outer layers of an imploding pellet,
and in the use of spectroscopy to diagnose pellet implosions. In magnetic confinement
methods atomic collisional phenomena are involved in the energy balance and heating
of the plasma, in the interactions between the plasma and reactor walls, and in
diagnostic techniques to determine plasma characteristics. The success of the fusion
concept depends critically on the knowledge of various atomic collision processes and
many of these processes have yet to be understood in any detail.
This thesis presents a study of atomic collisions relevant to diagnostic methods,
neutral beam heating, and energy balance within fusion plasmas.

Specifically,

experimental studies have been made cm the state-selective capture reaction

3He2+ + He —> 3He+(n) + He+(n’)

(1)

(where n and n' represent the final principle quantum number states), on the double
capture reaction

3He2+ + He —> 3He + He2+,

( 2)

and on the single ionization of atomic targets X,

Aq+ + X —> Aq+ + X+ + e',

(3)

2

where A denotes protons and alpha particles, and X denotes the rare gases.
State-selective capture reactions play an important role in fusion-plasma
diagnostics. The current fusion scheme involved in magnetically confined devices
relies on the nuclear reaction

D+ + T+ —> n + He2+ + 17.5 MeV.

Knowledge of the energy and spatial distributions of He

(4)

2+

ions formed in this fusion

process yields information on the efficiency of the fusion reaction. One diagnostic
technique used involves the injection of neutral D or H atoms into the plasma. * A class
of possible reactions during collisions of neutral D or H atoms with He

ions is

He2+ + D, H —> He+(n) + D+, H+ .

(5)

Since electrons can be captured into high n levels of the He+ ions, the resulting
radiation emitted from the excited ions provides a means of determining He
and spatial distributions. The He

2+

2+

energy

energy distribution, for example, may be obtained

by comparing the measured Doppler broadening of the spectral lines with

Av = 7.7 x 10'5 (T/m)1/2 VQ ,

(6)

where m is the atomic weight of He in units of the proton mass, vQ is the photon
frequency emitted from the excited state, and the temperature T should be measured in
2
eV. Of particular interest for this diagnostic technique is the capture of an electron into
the n=3 level of He+. For m>4 capture, proton impact ionization depletes the line
radiation emission intensities while the transition from n=2 to n=l is intermixed with
strong impurity radiation.^ The 1640 A n=3 to n=2 emission appears to be the best

3

candidate for this diagnostic technique. Thus, accurate measurements of state-selective
single capture cross sections for this system are important.
The University of Missouri-Rolla's Ion Energy Loss Spectrometer (UMRIELS)
has been modified to measure state-selective electron capture cross sections for ions
with charge £ 2 impinging upon atomic or molecular targets. In order to test the
modified UMRIELS and to develop the necessary technology needed, without the
further experimental problems associated with an atomic hydrogen target, we first
studied reaction (1). The results of this work arc reported in Section II of this thesis.
The third section concerns the double capture reaction (2) measured differentially in
angle. The double capture reaction has an importance, not only in the general science
of atomic collisions, but also in an alternative plasma diagnostic technique.

This

technique involves the injection of neutral He and Li atoms into the plasma. Since
2+
double charge exchange can occur during the collision of the neutral atoms and He
2+ •
ions, the He ions can become neutralized and drift out of the confining magnetic
fields. Once outside these fields the neutral He atoms may be stripped of electrons by
passing them through thin foils after which they can then be electrostatically energy
analyzed.
Since D-T fusion reactions require threshold energies on the order of 10 keV, the
plasma must first be heated. So far the most successful heating method used is the
injection of high energy (20-60 keV/amu) high current (20-100 particle amps) neutral D
or H beams into the plasma4. The neutral atoms are able to penetrate the confining
magnetic fields where they undergo ionizing collisions with the constituents of the
plasma. Once ionized the energetic ions are trapped in the confining magnetic fields
and are able to transfer energy to the plasma through elastic Coulomb collisions.
Impurity ions, such as C^+, 0 ^ +, and Fe^+, which are created from collisions of
plasma constituents with the reactor walls, have detrimental effects on the neutral beam
penetration into the plasma. This is because they have a high cross section for ionizing

4

the neutral heating beams before the beams can reach the central core to deposit their
energy in the burning plasma. The charge states of the impurity ions decrease with
increasing distance from the central core. Thus, the depth of penetration of the neutral
beam depends critically upon ionization cross sections in collisions with impurity ions
of various charge states.
The last section of this thesis studies the single ionization of atomic targets by
charged projectiles [reaction (3)]. Specifically, experimental measurements were made
for single ionization of several noble gases by protons and alpha particles. This work
led to the discovery of a new ionization mechanism which plays a significant role in
fusion ionizing collisions. Elucidation of this "Saddle-Point" mechanism led to the
physical understanding and derivation of scaling laws for total single ionization, which
are important for the development of comprehensive models of fusion plasmas.

5

n.

STATE-SELECTIVE ELECTRON CAPTURE

The University of Missouri-Rolla’s Ion Energy-Loss Spectrometer has been
modified to study state-selective electron capture reactions for bare ions incident on
atomic or molecular targets. The main goal of these modifications was to study the
reaction
He2+ + H, D —> He+(n) + H+, D+ .

(7)

Total cross sections for this reaction can be obtained by observing the line radiation y
emitted from the He+ excited states, e.g.,
He+(n=4) —> He+(n=3) + y(X =4698 A),

(8)

or from the energy gain/loss of the He+ projectile. Energy gain/loss measurements
have two distinct advantages over the optical method. First, cascading corrections are
avoided because the fast collision partner is detected, rather than a secondary photon.
These corrections come about due to the possibility of the ion emitting more than one
photon in, for example, the decay process
He+(n=5) —> He+(n=4) + y —> He+(n=3) + y ' + y .

(9)

The second advantage of the energy gain/loss method is that no knowledge of detector
efficiencies is required because ratios of specific n levels can be obtained directly from
energy gain/loss spectra. This is because the detector efficiency for He ions is the
same for all n levels. In contrast, the detector efficiency of most photon detectors
depends upon the wavelength of the observed photon. Thus, two sources of possible
systematic error in the determination of final cross sections are eliminated.
In order to develop the necessary technology needed to study collision (7), without
the further experimental problems associated with an atomic hydrogen target, the first
experimental work and the major goal of this thesis involves measurement of state3 2+
selective capture cross sections by He from He targets, i.e.,
3He2+ + He —> 3He+(n) + He+(n').

(10)

6

Here n and ri represent the final principle quantum number states of the projectile and
target respectively.

(The use of 3He was necessary due to the difficulty of

electromagnetically separating beams of 4He2+ from H^* since both ions have nearly
the same mass to charge ratio, and

is abundant in the source.) Though the target

species in reaction (10) is different from reaction (7), both collisions involve much of
the same physics and knowledge of cross sections for the latter reaction are also
important to the understanding of fusion plasmas.
Figure 1 compares the initial and final energy levels of this system. By using
conservation of energy, one can show that the kinetic energy Q gained or lost in this
collision is given by

Q = 2 [1/n2 + 1/n'2] - 1 - 2

,

(11)

where Ip is the single-ionization energy of He (0.904 a.u.), energy gain results in Q >
0, and all energies are measured in a.u. (one a.u. corresponds to 27.2 eV). The only
superelastic channel (i.e., positive kinetic energy gain) is for n=n'=l. Since the He
target is considered at rest in the laboratory frame, energy lost in the collision must
come from the kinetic energy of the projectile. The superelastic channel involves an
energy release of about 30 eV. In the center of mass coordinates of the system, the
target and projectile share in the release of energy with the projectile and target energy
gains AEp and AEt given by

AEp = (30 eVjm^ir^ + nip)

AEt = (30 eV)mp/(mt + mp),

and

(12)

7

Figure 1. Schematic diagram for the energy levels of the He and He2+ system. The
numbers in parenthesis represent particular n states. The transition pictured represents
the superelastic n=n'=l capture process. In this transition the initial binding energy is
79 eV for He. The final state consists of two He+ ions with a net binding energy of
108.8 eV. The difference in potential energy of the two states is converted into kinetic
energy. (See Ref. 5).

ENERGY
He2+ 4- He2+ + e — 4- e —

He+(3) 4- He2+ 4- e He+(2) 4- He2+ 4- e -

Figure 1
He+(3) 4- He+(1)
He4-(2) + He+(l)

H e4(l) + He4-(l)

oo

9

the transferred electron is ignored.)

W hen one transforms back to the laboratory

frame, the increase in kinetic energy o f the target depends upon the projectile scattering
angle 6, since

AE( = 2mpmtEo(l-TCOs0)/(mp + mt)2 + mpQ/(mp + m ()

(13)

with
Y = [ l + ( m p + m t)Q/(intE0)]1/2 ,

where Q = 30 eV and E q is the incident projectile energy. Since the projectile scattering
angle is on the order of 1 to 2 mrads for projectile energies o f 50 to 200 keV, the
increase in kinetic energy o f the target is negligible for these small scattering angles,
and the projectile carries away essentially all the kinetic energy released in the process.
Interchange o f the n and n ’ indices results in the same energy losses. For instance,
when an electron is captured into the n=2 state o f the projectile and the target is left in
the n’= l state, the energy loss is the same as for capture into the n = l level o f the
projectile with the target left in the excited n'=2 level. Thus, the energy gain/loss
method is inadequate for extracting specific target or projectile state-selective capture
cross sections from this system. Nonetheless, this method can still yield information
on the supeielastic channel and limited information for higher n and ri channels.
Extensive m easurem ents have been carried out for total single capture cross
sections, summed over all n and n* states, for reaction (10). Experimental data from
the work of Shah et al. 6, and the work o f Dubois7 are illustrated in Fig. 2. The total
"direct" single capture cross section for the reaction
H c2+ + He —> He+( I n ) + He+( In ')
exhibits a maximum at an incident projectile velocity near 30 keV/amu.

(14)

10

Figure 2.

Total "direct" single capture and "transfer ionization" cross sections for

alpha particles incident on He.

Upper data are for direct single capture, while the

lower are for transfer ionization. Solid triangles are from Shah et a l . (Ref. 6); solid
squares are from the work of Dubois (Ref. 7).
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Another important process which can occur in the collision o f alpha particles with
H e is "transfer ionization" TI:
H e2+ + He — > H e+(£ n ) + He2+ + e’ ,

(15)

in which one electron is transferred to the projectile and the rem aining electron is
ionized to a continuum state, leaving the He target stripped o f electrons. The TI
mechanism will be observed in the energy gain/loss spectrum corresponding to n'= °o
in Eq. (11). An idealized energy gain/loss spectrum is shown in Fig. 3.

In order to

extract absolute state-selective capture cross sections for this system, the energy
gain/loss spectrum obtained m ust be integrated over all H e+ ion energies and
normalized to the sum o f the cross sections for reactions (14) and (15). This is because
in making an energy gain/loss measurement on the fast He+ projectiles in reaction (10),
we cannot discriminate between reactions (14) and (15). The particular cross sections
for capture into n and n' states can then be obtained by taking ratios o f the area under
individual peaks to the total area in the energy gain/loss spectrum. This o f course
assumes that the angular acceptance o f the detector is large enough to collect all the
scattered H e+ ions.
The only experimental data that exists for state-selective electron capture for
reaction (10) was obtained in 1978 by Affosimov et al. 8 Their experimental method
involved energy gain/loss measurements and a schematic diagram of their apparatus is
given in Fig 4. Ions were produced in an electron impact ion source and were
accelerated by potentials between to 0-60 kV. Fast particles that had been scattered
through an angle 0 by collisions in the target cham ber were selected by a collimator
which could be rotated about the center of the target chamber. The fast ions were then
charged separated and energy analyzed by a parallel plate analyzer. The slow ions
produced in the target chamber were extracted by electrodes E l toward the side o f the
beam opposite that to which the fast particles were scattered. Pulses from the detectors
D1 and D2 were brought to the delayed-coincidence circuit CC and the coincidences

13

Figure 3. An idealized energy gain/loss spectrum for

3

He

4*

incident on He. The

specific n levels represent states where interchange of the n and n' indices result in the
sam e energy gain or loss. (For instance, the n=2 position includes both capture
channels for n=2 and n'= l or n= l and n'=2.) The height o f the arrows were arbitrarily
chosen. The n= l transfer ionization position represents where the ionization continuum
begins.

>-*fl•
>
Crq
C
n•-»
u>

0

-2 0

Energy Gain/Loss (eV)
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Figure 4.

Schematic diagram o f the apparatus used by Afrosimov et al. (Ref. 8, see

also text). D l, D2, and D3 designate detectors. Extraction electrodes are labeled E l.
Scaling circuits are designated by SC and the coincidence circuit is labeled CC.

Figure 4

17

were counted separately with the scaling circuits SC. To investigate the populations of
the specific n and n' states o f the projectile and target ions, they measured the number
o f coincidences between fast and slow ions for specific scattering angles 0 and
appropriate specified energy gain/loss AE by the fast particle. In order to obtain total
cross sections, integration over angle and energy had to be performed. The results o f
Afrosimov et al. ’s work are illustrated in Fig 5. Due to the resolution of their parallelplate ion-energy analyzer the experimental data cover only the low-projectile energy
regime o f 2 keV to 50 keV. The high energy resolution capabilities o f the UMRIELS
have allowed us to make the only existing measurements of reaction (10) for projectile
energies ranging from 50 keV up to 135 keV. A description o f the UMRIELS and the
experimental method used in this work is described in the next sections of this thesis.

A. EXPERIMENTAL APPARATUS
The University o f Missouri-Rolla Ion Energy Loss Spectrometer (UMRIELS) used
in this work is illustrated in Fig. 6. The UMRIELS has been extensively described in
the literature, so only a brief description will be given here.^'13 The apparatus consists
of a 15-200 kV variable-angle ion accelerator, scattering chamber housing, switching
m agnet, deceleration optics, and either a cylindrical or retarding field ion-energy
analyzer. The deceleration optics are necessary to achieve high energy resolution
analysis of the scattered charged particles. Since the accelerator and decelerator are
both electrically connected to the same high voltage power supply, voltage fluctuations
do not significantly effect the energy loss spectra. The variable-angle accelerator is
pivoted about the center o f the scattering chamber housing with the angular position
controlled by a stepping m otor which rotates a precision-threaded rod attached to the
undercarriage o f the accelerator. A post-scattering analysis magnet is used to separate
specific charge states after the collision region. The post-scattering magnet and ion-

18

Figure 5. Experimental data for state-selective single electron capture of Afrosimov et
O
al. Cross sections displayed represent reactions in which one of the collision partners
is found in the specific n state denoted, while the other is left in the ground state. The
only exception is the n, n' > 2 reaction in which both collision partners are left in
excited states.

19

(gUIO) UOf$098 88 OJQ

Projectile Energy ( KeV)

Figure 5

20

Figure 6.

The U niversity o f M issouri-R olla Ion Energy Loss Spectrom eter

(UMRIELS; see text).

UMR ION ENERGY LOSS SPECTROMETER

Figure 6
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energy analyzer, which is housed in the decelerator high voltage terminal, remain
stationary.
Projectile ions used in this work were produced in a com m ercially available
electron-impact ion source manufactured by the Colutron Corporation. The ions are
extracted by a 2kV acceleration potential and pass through an Einzel lens focussing
element before entering a Wien velocity filter. Since all ions are accelerated by the same
source extraction voltage, the velocity filter acts as a mass-to-charge ratio analyzer. An
illustration o f the ion source and optics is given in Fig. 7. T he m ass-selected ions
traverse a set of deflection plates before passing through a 0.102 cm aperture, behind
which is a movable flag assembly.
The ions then enter the m ain acceleration region, where a column focus and
extraction system direct the incident beam onto the entrance of the scattering chamber.
To help negotiate the entrance to the scattering target, which is depicted in Fig. 8, a set
of horizontal and vertical deflection plates allow beam steering. After passing through
the scattering target, ions are deflected into the deceleration region by the analyzing
magnet. They also pass through another set of horizontal and vertical steering plates
before entering the deceleration column. Ions neutralized in the target region pass
undeflected through the magnet and into a neutral-detector chamber. This arrangement
allows simultaneous detection of both neutrals and charged ions resulting from the
collision process.
After the ions are decelerated, they are then energy analyzed by either a cylindrical
or retarding field analyzer. It was found that the cylindrical analyzer was inadequate for
this work and the retarding field analyzer was installed, allowing completion o f this
experiment. The shortcomings of the cylindrical analyzer and a description o f the
retarding field analyzer will be discussed in detail in Sections E and F. ( To maintain
clarity the following descriptions will involve only the cylindrical analyzer.)
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Figure 7. The UMRIELS Colutron ion source and extraction optics.
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Figure 8. Schematic diagram of the nonreactive gas-target cell. Ions enter the target
from the left where they are collim ated by an electrostatically isolated aperture.
Positioned on top o f the target is a Channeltron photon detector, which was not used in
this work.
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Following deceleration the ions pass through the entrance slits o f the cylindrical
analyzer which arc electrically set at the same potential as the decelerates. The analyzer
is nominally set for pass energy q^Ve, where Ve is the source extraction voltage, and
is the final charge o f the ion after the collision. From Fig. 9, which illustrates the
standard electrical configuration of the apparatus, one can see that ions which enter the
analyzer have a kinetic energy o f q.V c + q-AV + q.V Q - q^VQ - E jqss, where q. is the
initial charge of the ion before the collision, VQ the power supply high voltage, AV the
precision offset voltage applied to the accelerator terminal, and E,

the energy lost in

the collision. In this configuration, the only way for the ions to negotiate the analyzer
is if the final charge of the ion is equal to the charge before the collision and q-AV =
Eioss-

*ons

neutral particles arc detected by Johnston Laboratory electron

multipliers. Ion spectra are obtained by varying the offset voltage AV between the
accelerator and decelerator terminals. In this way, all electrostatic elements downstream
o f the target can be kept at constant potential during a run. This ensures that the ion
"detector", consisting o f the m agnet, decelerator and analyzer maintains a constant
overall detection efficiency.

To illustrate an energy loss spectrum , H e+ im pact

excitation o f atomic hydrogen is shown in Fig. 10.
The standard electrical configuration cannot be used to study
3H e2+ + H e - - > 3H e+(n) + H e+(n'),
since the final charge on the projectile is no longer the same as the initial charge. Thus
the accelerator/decelerator system has been modified as shown schematically in Fig. 11.
In this configuration the potential on the accelerator can be adjusted to be as low as onethird that o f the voltage on the decelerator, while the decelerator potential rem ains
constant. This was accomplished by utilizing the voltage dividing action o f a Variable
Resistor Assembly (VRA), placed between the decelerator and accelerator terminals.
To set up a single-capture run, the VRA is first shorted, ensuring that the accelerator
and decelerator are at the same potential, and a ^He+ beam is guided through the
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Figure 9. Original electrical configuration of the UMRIELS.

VQ is the high voltage

applied to the apparatus, AV is the precision offset voltage applied to the accelerator and
V e is the source extraction voltage.

The total acceleration voltage is VQ + AV + V e.

The accelerator and decelerator column resistors and resistors to ground are shown
along with the precision voltage divider network for measurement o f the voltage applied
to the entire apparatus.
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Figure 10.

Energy loss spectrum for 40 keV H e+ impact excitation of atomic H. The

excitation o f H to specific n levels are labeled. The peak occurring near 40 eV results
from excitation o f the He+ projectile (See Ref. 11).
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Figure 11. Electrical schematic illustrating modified UMRIELS. 1. Variable Resistor
Assembly.
decelerator.

2. Precision Voltage D ividing resistor strings for accelerator and

Figure 11
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system into the cylindrical analyzer.

Once this is accomplished, the ’’detector”,

3 +
consisting of the magnet, decelerator and analyzer, is adjusted to accept He ions at an
energy of eVQ, where VQ is the power supply high voltage. The VRA resistance is
then increased so that the accelerator voltage is near one half the decelerator voltage.
3 2+
3 +
Now He ions are extracted and passed through the target. The He product beam
formed from collisions between alpha particles and the target gas can then be guided
into the analyzer, since the energy of the ^He+ ions is 2e(V J 2 ). In order to accurately
determine the accelerator/decelerator voltage ratio, a Precision Voltage Divider (PVD)
network has been constructed and installed in the system. Utilization o f twin high
precision voltmeters enables one to easily set the the accelerator voltage to within one
volt o f the desired value. Since there now exists a large potential difference between
the accelerator and decelerator, separate isolation transformers must be used for the
electrical equipment in each terminal. We now discuss the individual components of
the experimental apparatus in detail.

B. VARIABLE RESISTOR ASSEMBLY
In order to perform single electron capture measurements for ^He^+ projectiles, the
accelerator/decelerator voltage ratio must be varied from unity to one-half. This can be
accomplished by modifying the spectrometer as shown schematically in Fig. 11. Since
the accelerator resistance to ground is approximately 800 M£2, installment of a variable
resistor between the decelerator and accelerator terminals will provide the necessary
voltage dividing action needed as long as the maximum resistance is greater than 800
MfL A high-voltage, high-power variable resistor has been constructed, tested and
installed between the two terminals. The Variable Resistor Assembly (VRA) consists
of 3 separate components: composite coarse and medium resistor chains or ’’stacks”,
and a fine adjustment potentiometer. (These components are illustrated in Figs. 12 and
13.) The coarse stack consists o f 100 20 MD resistors connected in series. The
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Figure 12. Electrical schematic o f the Variable Resistor Assembly (VRA) illustrating
the coarse, medium, and fine adjustment resistors.
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Figure 13. M echanical arrangement o f the VRA. 1. Fine trim potentiometer. 2.
Medium resistor stack. 3. Coarse resistor stacks. 4. Steel container used to house
assembly.
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medium stack consists o f 24 2 M ft resistors in series, and the fine resistor assembly is
a 40 turn, 2.5 MQ, Beckman Helipot E5 precision wire-wound potentiometer. The
resistors in the coarse stack are mounted vertically in a zigzag fashion around the
perimeters o f two 30" diameter Lucite disks. Electrical connections are made within 3/4
inch hemispherical corona caps that are mounted in each 3/4 inch thick disk. The 100
resistors of the coarse adjustment string are equally divided between an "upper" and
"lower" stack. In both the upper and lower levels of the coarse stack a spring loaded
stainless steel wiper on either side of a given Lucite disk is rotated across the heads of
the corona caps making a "make before break" sliding contact with adjacent caps.
Adjustments of the tension on the springs in the wipers enables us to ensure proper
contact with the corona caps without excessive frictional binding. The medium resistor
component is similar to the coarse resistor component but consists only o f a single 15"
diameter stack.
The discrete resistors used in the VRA were purchased from the D ale Resistor
Corporation and are o f the metal oxide film type with voltage ratings o f 45 kV each,
pow er ratings o f 10 W , and temperature coefficients of less than 50 ppm /°C per
resistor. It is important that the ratio of the VRA resistance to the accelerator resistance
to ground be as insensitive to temperature differences as possible. The voltage on the
accelerator V a is determined by the voltage dividing equation
Va = Vo Rac/(Rvra + Rac) ,
where

is the resistance o f the VRA, VQ the high voltage applied to the entire

apparatus, and R

is the accelerator resistance to ground. If one assum es that the

overall temperature coefficient, Tc = dRyra/dT, o f the VRA is roughly equal to the
tem perature coefficient o f the accelerator resistance to ground, then the change in
voltage of the accelerator dVa due to a change in temperature dT is given by
dVj/dT = [V0Tc/(Rac + Rvra)][l - 2Rac/(Rvra + Rac)L
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In order to study reaction (10), the VRA resistance Ryra will be set equal to the
accelerator resistance to ground R k . Thus, in this case, temperature dependent effects
for Ryra and Rac effectively cancel each other and do not pose a problem. Experimental
data obtained, which will be discussed later, confirmed that tem perature dependent
effects were negligible.
The VRA is contained in a cylindrical steel container 41 inches in diam eter and 57
inches high. The container is filled with Shell DIALA-AX transformer oil to act as a
dielectric insulator between the grounded can and the high voltage com ponents. In
addition, the oil therm ally stabilizes the resistor strings and acts as a lubricant for
m echanical motion.

There is a m inimum of 6 in. o f Lucite and/or oil between

individual stacks and the sides of the container. While the resistor corona caps subtend
an arc o f only about 230° on the circumference o f the Lucite disks, other corona caps
are placed along the remaining angle o f the circumference and are electrically connected
to points of increasing potential along the resistor string on the other side o f the disk.
In this way the potential varies smoothly around the perim eter o f each disk, and from
stack to stack, thereby minimizing voltage stress throughout the design.
The resistor assembly components are located in the tank in such a way that the
lowest voltage rating (at which electrical breakdown will begin to occur in the region o f
highest electrical stress near the coarse stack corona cap terminators) is approximately
1.46 MV. Since the highest voltage that will ever be applied to the system is 200 kV,
this results in a safety factor o f 1.46 M V/200 kV = 7.3.

Typical safety factors

throughout the oil volume are about 50. This high degree o f conservatism in design
was felt to be necessary given the potential difficulties that could result from even small
amounts o f corona discharge, such as ion beam fluctuations due to drifting accelerator
voltages caused by the corona discharge currents.
T he VRA, Precision Voltage D ivider (PVD), and isolation transform er are
physically located inside the decelerator safety cage. The VRA had to be assembled in a
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separate room before installation due to the lack o f space in the decelerator cage. After
installation, high voltage tests were performed without oil in the VRA and PVD cans,
and no appreciable corona discharge currents, as measured on the high voltage-supply
ammeter, were observed, even at voltages as high as 100 kV. Mechanical tests o f the
VRA were then performed by rotating the main corona wipers. Severe binding o f the
m ain control shaft occurred. Only after careful re-alignm ent o f the VRA coarse
resistance stacks with the main shaft were the binding problems reduced. Following
these tests, 500 gallons o f transformer oil (Shell DIALA-X) was pumped into the VRA,
PVD, and isolation transform er cans.

It was observed that the transform er oil

essentially eliminated the binding problems encountered with the VRA.
Several months after installation o f the apparatus, a main stack resistor lead was
found to have broken.

Instead o f draining the oil out o f the VRA can and

disassembling the VRA to repair the lead, which would have been very difficult and
time consuming, conductive nickel paint was used as a patch in situ. The VRA was
lifted out of the oil can and allowed to drain. Residual oil on the resistor and corona
cap leads was removed with methanol, and the lead was "re-soldered” with thick nickel
paint. After letting the paint dry for 48 hours, electrical tests ensured that good contact
was made. It was observed that the nickel-paint "patch" not only provided good
electrical contact but had also strengthened the connection.
A schematic diagram o f the wiring connections for the VRA used in these
experiments is given in Fig. 14. The combined resistance o f the upper and lower
coarse resistance stacks is 2000 MD. [Thus, we are able, in principle, to make stateselective capture cross section measurements for q(initial)/q(final) o f 3.] The only
disadvantage o f the wiring configuration as shown in Fig. 12 is that when the wipers
are rotated, a relatively large voltage drop occurs as they move from one corona cap to
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Figure 14. Schematic diagram of actual connections between the VRA and the rest o f
the apparatus. 1) Electrically bypassed upper resistance stack. 2) Bypassed fine-trim
potentiometer.

3) Fine-trim potentiometer installed in decelerator.

Voltage Divider (PVD) strings for accelerator and decelerator.

4.) Precision

VRA INSTALLATION WIRING

Figure 14
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another. This is due to the large single resistance increments o f 40 MQ. T o minimize
the voltage drop and subsequent possibility o f electrical arcing or corona discharge, the
upper level o f the coarse resistance stack was bypassed, still leaving plenty o f
resistance to perform the single capture experiment for alpha particles. In this way the
resistance changed by only 20 MO increments.
A fter final installation o f the apparatus, a high voltage arc burned through the
windings o f the fine-trim potentiometer inside the VRA can. Instead o f replacing the
potentiometer in the can, it was decided to bypass it and install a variable 1 MCI trim
potentiometer in the decelerator terminal.
The VRA must be operated remotely during a run since it is situated inside the
decelerator safety cage. The coarse and medium stacks are adjusted by stepping
motors, and precision worm gear assemblies are used to increase the torque delivered
by the stepping motors. It was found that the accelerator voltage could be easily set to
within one volt o f the desired value by manually adjusting the fine trim potentiometer in
the decelerator terminal. The accelerator/decelerator voltage ratio was also observed to
remain constant over a period of 30 minutes. This showed that the maximum corona
discharge current occurring through the VRA resistor assembly was approximately
given by
A V /Rv i^a = 1 V/800 M O = 1 nA.

C. PRECISION VOLTAGE DIVIDER
In order to obtain energy gain/loss spectra for single capture by alpha particles,
accurate measurements o f the ratio of accelerator to decelerator voltage is critical. To
accomplish this, a Precision Voltage Divider (PVD) netw ork has been designed,
constructed, and installed in the system. The PVD consists o f two separate, but
identical resistance divider strings. Since there can exist a large potential difference
between the accelerator and decelerator, each requires its own dividing strine.
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The individual strings consist o f fifty 200 M Q resistors in series w ith three
composite bottom resistors o f 1 M Q each. (Each 1 M Q resistor consists of two 2 M D
resistors in parallel). The PVD is schematically illustrated in Fig. 15. Both divider
strings are housed in a common oil bath (sim ilar to the one used for the VRA) to
minimize problems associated with temperature fluctuations. Terminal voltages are
m easured across the bottom 1 MQ resistors using twin Fluke model 8840A digital
m ultimeters. These meters were chosen for their high input impedance and 6 digit
accuracy. Since the meters are electrically connected in parallel with the bottom 1 M Q
composite resistors, low input impedances will result in erroneous voltage readings.
The 20 volt scale on the Fluke meters results in input impedances greater than 10,000
MQ. Since the input impedance o f the m eter is in parallel with the bottom 1MQ
-4
resistor, this results in a voltage error of less than 10 V. The dividing ratio o f the
PVD strings are then 1MQ/10^MQ, resulting in a voltage reading of 20 V for a high
voltage setting of 200 kV. In order to balance the divider strings, a 5 M Q 40 turn
potentiometer can be inserted in either string. With the VRA shorted, the potentiometer
is adjusted so that the readings on the Fluke m eters coincide. As an alternative
approach, the 1 M Q resistor connections are made outside o f the housing to give more
flexibility. W e have the ability to measure accelerator/decelerator voltage ratios very
precisely by making null current measurements between nodes of the tw o resistor
strings. In the case o f q=2 to q = l collisions, an am m eter would be put between
connections 2 and 6 shown in Fig. 15, and the VRA adjusted until a null reading was
obtained. The ammeter signal could be fed back to a microprocessor-based stepping
motor controller and used to adjust the VRA to maintain a null reading.
The two resistor strings are arranged in cylindrical stacks in a fashion similar to the
VRA. Mechanical design was simplified significantly because no moving parts were
required. As with the VRA, a great deal o f care was taken during the design o f the
PVD to minimize voltage stress throughout the assembly. This has resulted in a
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Figure 15.

Electrical schematic o f the Precision Voltage Divider (PVD). Bottom 1

M Q resistors are actually two 2 M Q resistors in parallel (see text).
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minimum safety factor for the PVD o f 9.2 in dielectric strength with typical values of
40 or higher. Again, maximum stress occurs near the final high voltage corona cap on
each string. The PVD oil container is a cylindrical can 40 inches deep with a diameter
o f 30 inches. Calculated equipotential lines through the plane of symmetry o f one of
the PVD resistor strings are illustrated in Fig. 16.

D. EXPERIMENTAL PROCEDURE
This section presents a detailed description o f the experimental procedure used to
study the reaction
3He2+ + He — > 3He+(n) + H e+(n') .

(17)

Figure 17 illustrates an electrical schematic of the Colutron ion source. In order to
produce adequate alpha beam currents, we discovered that a thick 0.02 inch filament
was needed. (Thinner filaments produced smaller alpha beam currents with less
operational lifetime.) In normal operation a source gas mixture of 4 parts He and one
part Ar was bled into the source by a Vactronic, model W B -5 0 -5 , precision leak valve.
With typical operating pressures o f 200 microns, measured in the pressure line between
the leak valve and source, a discharge was maintained by applying approximately 75
volts on the anode supply and a filament power of 150 to 180 W. In this configuration,
a discharge current, m easured through the anode supply, o f 0.4 amps was obtained.
Examination o f Fig. 17 shows that in this operating mode, the voltage between the
anode and filament was approximately 39 volts, due to the voltage drop across the 90
ohm ballast resistor. (The purpose of the ballast resistor is to protect the anode supply
in the event of a direct short within the ion source.) Since the ionization potential o f He
is 24.59 eV, this ensured that the electrons emitted from the filament had sufficient
energy to singly ionize helium.
To produce

3

He

2+

, a voltage o f at least 79 V m ust be m aintained across the

discharge region to allow double ionization o f He. One way to accomplish this is to
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Figure 16. Calculated equipotential lines through the plane of symmetry of one of the
PVD resistor strings with an applied voltage o f 200 kV. ( Units are kV.) Calculations
were done by Bradley Stiritz. H is computations involved a relaxation technique
solution o f Laplace's equation.
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Figure 17. Electrical schematic o f the Colutron ion source. Plasma current is created
once a discharge has started.
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increase the anode voltage, but this procedure caused the anode current to increase
above 0.4 A. Unfortunately the source was found to be extremely unstable at the
higher anode currents. By decreasing the filament power, one could bring the anode
current down to 0.4 A with an anode voltage o f 175 V. In this configuration the ion
source operated more efficiently, although the filament lifetime was reduced from the
several days typical of 75 V operation, to about 5 hours. U nder these operating
conditions, the resultant potential across the anode and filament, or plasma region, is
about 140 volts, which is sufficient to produce alpha particles. Because of the reduced
lifetime of the filament, alpha particles were not produced until the entire apparatus was
set up for a single capture experiment
In order to configure the accelerator system for a capture run, the anode supply was
3 +
operated in the low 75 V range. Typical H e beams of 20 to 30 nA were produced,
as measured by the first movable flag in the ion source, by using 2 kV extraction. Once
the ion beam stabilized, the accelerator/decelerator system was raised to the desired
voltage, with the VRA in the ’’short" position to ensure that the accelerator and
decelerator had the same potential. The ^He+ beam was then passed through the target
and magnet and through the deceleration region to the entrance slits of the analyzer. By
placing approximately 212 volts across the cylindrical analyzer plates, an analyzer pass
energy of 2017 eV was obtained, m eaning that by applying 17 volts on the AV
precision accelerator offset supply (shown in Fig. 11), the unscattered ions were able to
negotiate the analyzer. (Solutions o f Laplace's equation for the cylindrical analyzer
resulted in a calculated pass energy o f 2120 eV for a plate setting o f 212 V. The
discrepancy between this value and the observed value of 2017 eV is attributed to
fringing field effects and imperfections in the analyzer plates.) Once the incident beam
was detected, adjustments were made on the decelerator colum n focus system to
produce a narrow, energetically symmetric beam shape. Typical FWHM beam energy
width was between 0.75 and 2.5 eV.
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In order to ensure that the accelerator was positioned at the zero scattering angle
setting, the accelerator assem bly was nominally set at 6.160, as m easured by the
vernier scale attached to the precision threaded rod on the accelerator undercarriage.
This position, though not the exact zero position, was near the optical zero position as
previously determined by an alignment laser. To determine the true zero angle o f the
accelerator, the angular position was set so that the angular maxima were the same for
the ions detected in the analyzer and the neutrals detected in the neutral chamber. In
order to accomplish this, helium gas was admitted into the scattering target through a
Veeco piezoelectric valve (model PV -10) controlled by a m icrocom puter.

The

scattering target pressure was m easured by an MKS 310 BHS-1 and MKS 170
capacitance manometer pressure measurement system, and the analog signal from the
MKS system provided the feedback to the microcomputer. Typical operating pressures
were 10 to 50 microns with the pressure regulated to within 2% o f the operator preset
value. As soon as the target pressure stabilized, high voltage was applied to the
Johnston Lab detector in the neutral cham ber and, when neutral counts were detected,
the neutral slits, illustrated in Fig. 18, were inserted and positioned to give a maximum
in the neutral signal. (Although beam defining slits before the target and before the
deceleration column exist, they were not used in this work due to the low alpha-beam
currents encountered.) Angular scans o f the ions and neutrals were then taken, and the
accelerator was moved in angle to maximize the neutral signal even though the ion
signal would be lost in doing this. By properly adjusting the switching m agnet setting,
however, the ion signal could be recovered and, after subsequent angular scans, the
neutral and ion signals then were observed to coincide. Once this was accomplished,
the angular setting of the accelerator at the maximum neutral count position represented
the true zero scattering-angle location.
Once the accelerator was set on the true zero angular position, energy-loss spectra
were taken and compared with previous work. Figure 19 illustrates an energy-loss
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Figure 18. Schematic diagram o f beam -defining and neutral slits. (Units are in cm .)
The arrow s represent the incident ion and scattered neutral beam produced in the
collision. The origin corresponds to the center o f the scattering target. The slits to the
left o f the origin are 0.01 cm neutral detector slits. The slits to the right of the origin
are incident-beam defining slits.

All slit sets can be translated along a direction

perpendicular to their long dimension.
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3 +
Figure 19. Energy loss spectrum o f H e incident on Ar. The incident ion beam had
a FW HM energy width o f about 2.5 eV . The positions indicated correspond to the
excitation o f the A r target to the 4s and 4p levels w hile the ^He+ projectile rem ains in
the ground state. The structure to the right o f the 4p excitation position results from
other inelastic energy loss processes due to excitation of A r and the incident ^H e+ ion.
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3 +
spectrum o f He incident on argon. N ote that excitation o f argon to each o f the 4s
and 4p states can ju st be seen. Subsequent adjustm ents on operating controls from the
ion source to the analyzer were then m ade to obtain the best possible energy-loss
spectra. (W e found that to obtain "good quality” energy loss spectra, characterized by
FW HM energy w idths less than 2 eV w ithout "shoulder" structures, all operating
controls needed to be adjusted. The m ost sensitive controls w ere the steering plates
before the target, the switching magnet, the post m agnet steering plates, the decelerator
colum n focus, and the voltage across the analyzer plates. A djustm ents were m ade
beginning with the controls furthest upstream o f the beam, such as ion source power,
anode voltage etc. W e would then work downstream until finally reaching the analyzer
plate voltage.)
Follow ing the energy-loss scans, the accelerator was set up to take capture data.
The precision offset voltage AV was set to m onitor the incident H e

beam in the

cylindrical analyzer, while the source anode voltage was increased. As m entioned
earlier, the filam ent pow er had to be decreased to maintain low anode currents, and by
m onitoring the incident He beam in the analyzer, the correct source operating mode
to produce alpha particles could be achieved. Once this was accom plished, the ion
beam was allowed to stabilize over a period of about 30 to 60 m inutes. Energy and
angular scans were then taken again to ensure that the accelerator zero angle position
and beam shape w ere unchanged. It was observed that the incident beam angular and
energy spectra w ere not seriously affected by the higher anode voltages. A lpha
particles could now be selected and passed easily through the target cham ber by
adjusting only the W ein filter m agnet in the source. A djustm ents o f the sw itching
m agnet setting were then made so that alpha particles could be detected in the cylindrical
3 2+
analyzer. (Typical He beam currents, m easured after the target, were 10 to 30 pA.)
Figure 20 illustrates an alpha particle incident beam energy scan. It was observed that
the FWHM resolution of the alpha particles were somewhere between 1.5 to 2 times the
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Figure 20.

3

He

24-

incident ion beam energy spectrum as m easured in the cylindrical

analyzer. (Incident energy was 100 keV.)
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3 +
energy spread o f the incident H e beam . (One w ould expect a factor o f 2 change
from charge considerations alone.) A fter exam ining the alpha particle incident beam ,
the W ein filter and sw itching magnets were again adjusted to recover the ^H e+ beam in
die analyzer.
A t this point, the "detector", consisting o f the sw itching m agnet, deceleration
steering plates, decelerator and analyzer, w as set to detect H e
e(V

+V

), w here V

that point, V

ions at an energy o f

w as the present setting o f the high voltage pow er supply at

was the source extraction voltage, and e is the charge o f an electron. In

order to detect single capture from He by alpha particles, the accelerator voltage m ust
now be reduced. Since the detector is set to detect ^H e+ ions at an energy o f e(V Q +
V

t),

accelerator voltage

V =(V - V

m ust satisfy e(V o + V

t) = 2e(V a + Ve x t), o r

t)/2. W hile m onitoring the neutral signal resulting from single capture

by 3H e+ ions, the VRA w as unshorted and its resistance increased until the voltage on
the accelerator equaled V . As the accelerator voltage decreased, the ion beam had to be
a
readjusted by controlling only the steering plates before the target. To ensure that the
ion beam traversed the sam e path as before, the neutral signal w as continually
m axim ized as the accelerator voltage decreased. Once V w as reached, the ion beam
a
was re-adjusted once again to maximize the neutral signal. Then the W ein filter m agnet
in the source w as adjusted to pass alpha particles and, as soon as the alpha particle
signal in the neutral detector was m axim ized, it was observed that the

3

He

+

beam

produced through collisions o f alpha particles in the target could be detected on the
entrance slits o f the cylindrical analyzer. ^He+ "product" beam currents as read on the
analyzer entrance slits w ere typically betw een 1 to 2 pA. (Both entrance and exit slits
had 0.003 inch openings).

Since a transm ission loss o f a factor o f 10 occurs through

the analyzer entrance slits, the product beam currents on the analyzer exit slits were less
-13
than 10
A. In order to m easure this sm all current, a K eithley electrom eter (m odel
617) w as used w hich could m easure currents as low as 10”*** A. O nce current was
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detected on the analyzer exit slits, m anual scans o f AV were perform ed over a 200 volt
range to locate one o f the capture peaks. O nce found, the ion signal was then
m axim ized w ith adjustm ents on all controls from the ion source to the analyzer.
C om puter controlled scans w ere then m ade to obtain spectra. Due to the reduced
filam ent lifetim e in the ion source, < 5 hours, all o f the above procedures had to be
done as quickly and efficiendy as possible.

E . PRELIM INARY RESULTS
Figures 21 and 22 illustrate energy gain/loss single capture spectra fo r H e
incident on He and Ar.

Both spectra w ere taken w ith target pressures o f 40 to 60

m icrons. F o r the H e target, the n= l and n=2 capture channels are clearly seen and the
separation is as expected. (One m ust rem em ber that the first tw o peaks include
channels fo r n=n’= l, and either n = l, n’=2 or n=2 and n’= l, respectively.)

Capture

into the n=3 and higher states was not observed. Structure is also observed past the
n = l,

n '= o o

transfer ionization position. The anomalous features occurring betw een the

n = l and n=2 channels w ere observed to be quite reproducible though not in agreem ent
with any o f the expected energy gain/loss values o f the system . Possible causes o f
these anom alous peaks w ill be discussed below.
F or A r targets the superelastic n= l channel (energy gain o f 38 eV) was observed to
be negligible. If we assum e that the cross sections fo r energy gain or loss processes
decrease as their "energy defect", or m agnitude o f energy gain/loss, in creases14, then
this is understandable qualitatively when com pared to the case o f He targets, w ith an
energy gain o f only 30 eV for the n=n’= l peak. The A r n=2 and n=3 TI peaks are also
observed. Background spectra, taken w ithout target gas, for both He and A r had count
rates less than 3 to 4 Hz.
Extrem e experim ental difficulties w ere encountered in the acquisition o f energy
gain/loss spectra using the cylindrical analyzer. Due to the low alpha beam currents,
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Figure 21.

3
+
Energy gain/loss spectrum o f H e form ed through collisions o f 30

keV/am u 3H c2+ ions incident w ith H e.
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Figure 22.

3 •+■
Energy gain/loss spectrum o f He formed through the collisions of 30

3 2+
keV/amu H e ions incident on Ar.
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low count rates, and short lifetim e o f the ion source, it was very difficult to properly
guide the product ^He+ beam into the analyzer within the available operating time o f the
ion source. Typical experim ental runs required 8 to 12 hours o f set up tim e and, in 60
to 70% o f all runs, the ion source failed before data acquisition could be properly
accomplished.
Since typical count-rates for He targets were on the order o f 20 to 30 H z at target
pressures o f 40 to 60 m icrons, pressure tests to ensure single collision conditions
(which would involve pressures well below 40 m icrons) could not be properly done.
Some o f the anomalous peaks between the n= l and n=2 capture positions o f He may be
attributed to double collisions w ithin the scattering target due to the high target
pressures required to see appreciable "product” signal. If, for instance, an alpha
particle collides with He and captures an electron in the n = l state, a secondary collision
with another He atom could result in a secondary energy loss o f 20 eV or higher due to
single o r double excitation o f the second He atom. The net result would be other peaks
occurring in the energy gain/loss spectra.
To com plicate m atters further, the angular acceptance o f the cylindrical analyzer
was not known. Thus, to obtain absolute state-selective capture cross sections, angular
scans o f "all" features in the He spectrum had to be perform ed. Due to the low count
rates and lim ited ion source lifetime (< 5 hours), this was virtually im possible.
Further experim ental m easurem ents established that the energy-acceptance range
(or energy "bandpass") o f the cylindrical analyzer was inadequate fo r this w ork.
Figure 23 illustrates an energy loss spectrum for He impact excitation o f He. A large
anom alous peak occurred at an energy loss o f 65 eV which was 25% o f the incident
beam count rate and was observed to be independent o f target pressure. (In fact the
anomalous peak was observed to increase slightly when the target pressure decreased.)
It was discovered that this peak was produced by impact of the incident H e ion beam
with the back plate o f the analyzer, subsequently resulting in unw anted reflection o r
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F igure 23.

E nergy-loss spectrum o f 30 keV /am u
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incident on He.
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anom alous peak near 65 eV was observed to be independent o f target pressure. The
first tw o peaks are caused by N 2 background. The peaks starting at 20 eV are due to
excitation o f the He target while the peak occurring at 40 eV is due to excitation o f the
3 +
He projectile to the n=2 state.
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scattering o f the beam onto the detector. T he energy acceptance range o f the analyzer
was calculated, using the radii o f the inner and outer plates, to be +/- 50 eV fo r a pass
energy o f 2 keV. Ions outside this energy region will strike the inner or outer plates of
the analyzer resulting in spurious signal. Since the energy gain/loss scans fo r stateselective capture had to extend over a 120 eV energy range to include all channels from
n=n'=l to n=n’=oo, the analyzer proved to be inappropriate fo r this work. Som e o f the
anomalous peaks in Fig. 21 m ay also be attributable to ions striking the inner o r outer
plates o f the analyzer, e.g ., the structure occurring at 80 eV in Fig. 21 is caused by
n=n'=l ions striking the back plate of the analyzer.
D ue to the extrem e experim ental difficulties encountered with the cylindrical
analyzer, a retarding field energy analyzer was designed, constructed, and installed on
the apparatus. The next section deals w ith the new analyzer and illustrates spectra
obtained.

F. RETARDING FIELD ANALYZFR
Due to the problems encountered with the cylindrical analyzer, it became necessary
to try an alternative approach to acquire data. The low H e

beam currents caused

great difficulty in guiding the beam into the analyzer. In addition, it was discovered
that the energy acceptance range was inadequate for this work. Lastly, because o f the
large beam transm ission losses through th e analyzer, count rates were unacceptably
low. Thus, it became desirable to investigate the use o f a retarding field analyzer.
T he retarding H eld analyzer (RFA ) elim inates, in principle, the problem s
encountered with the cylindrical analyzer it should be easier to guide the ion beam into
it, the transm ission o f the ions would be im proved, and it w ould not have a lim ited
energy acceptance range. Retarding field analyzers have been used extensively to
measure electron energies.15-17 A typical retarding analyzer is schematically illustrated
in Fig. 24. In Fig. 24(a) an electron beam approaches the detector from the left with an
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Figure 24. (a) Basic retarding field analyzer (see text), (b) Ideal retarding field cutoff
curve for m ono-energetic particles, (c) Usual retarding field cutoff curve. The slope
on the right is due to trajectory effects. The effect o f secondary election em ission is
shown in the dotted curve,

(d) T rajectories of a parallel electron beam v, and an

electron with perpendicular momentum v*. (e) Retarding field analyzer with aperture.
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energy eVQ and passes through the grounded grid G. As long as VQ > V, the electrons
can strike the plate C and be detected by the floating am m eter I. As soon as V > V ,
the electrons w ill be repelled from the plate C and no current will be detected by I. If
the elections approaching the grid are perfectly mono-energetic and are traveling exactly
perpendicular to the grid, a retardation spectrum o f the detected current I, as a function
o f retarding voltage V, w ill look like that shown in Fig. 24(b). In reality, electron
beams have an energy spread eAV and do not travel perpendicular to the grid (i.e., the
beam has some angular divergence). A more realistic retardation spectrum is shown in
Fig. 24(c). The rise, which is AV wide, on the right o f Fig. 24(c) results from the
divergence o f the electron beam. Because o f this divergence, there exists a maximum
angle 0 for electrons deviating from perpendicular trajectories which is illustrated in
Fig. 24(d). If the beam is assumed to be perfectly mono-energetic, then
E = mv'2/2 = mv2#

,

where v and v' are shown schem atically in Fig. 24(d). The ratio o f transverse energy
E to axial energy E for a diverging electron, is given by
Et/E ft = [m (v,sin0)2]/[m (v'cos0)2] = (tan0)2.
Since only the velocity com ponents perpendicular to the grid w ill be effected by the
detector voltages, the width of the cutoff curve AV in Fig. 24(c) is given by
AV = AE =E - E = (l/2 )m v ’2 - (l/2)m (v’cos0)2 = E(1 - cos2©).
Thus, the resolution o f the device is
AV/V = AE/E = 1 - cos2© = s in ^ .
This then represents the lim iting resolution o f a parallel plate RFA and m ay, in
principle, be reduced by lim iting the divergence or "collimating" the beam.
An apertured RFA is illustrated in Fig. 24(e). It is known that a circular aperture
which is between two fields with strengths Ej and ^ 8015 as a lens whose focal length f
for particles o f energy eVQ is
l / f “ (C2 -C 1V4V0
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(see reference 18). If the collector plate C is held a t potential VQ and the distance
between the grounded aperture G and C is d , then the focal length is
1/f = -l/4 d .
The m inus sign indicates that the beam w ill diverge after passing through the aperture.
Thus, a parallel beam passing through an aperture o f radius r w ill have a divergence
0 * sin0 = r/f = r/4d,
and the lim iting resolution w ill then be given, for small angles, by
AE/E = sin2(r/4d) » rV lM 2 .

(18)

The dotted line to the left o f the cutoff curve in the retardation spectrum in Fig.
24(c) results from secondary electron em ission from the surface o f the collector plate.
M easurem ents o f M arm et and K erw in19 show that fo r m ost m etals used in vacuum
system s the ratio o f electrons leaving the surface to the incident electrons striking the
surface is greater than 50% for incident electron energies o f 1 eV. Since the collector
plate is biased negative, the electrons em itted are repelled from the surface and the
resultant effect is that the detected current is reduced. Thus, this additional problem
m ust be taken into acco u n t L astly, stray electric and m agnetic fields also have
unwanted effects on the resolution o f a retarding analyzer.
In the present case, the retarding field analyzer m ust m easure energies o f heavy
ions. One m ight question the feasibility o f using one o f these devices for ions o f such
high energy since it is difficult to bring fast heavy ions to a dead stop w ithin a space o f
2 m eters w ithout having serious focussing problem s involved w ith the necessary high
voltages. Because we are exam ining heavy ions instead o f electrons, stray electric and
m agnetic fields pose less o f a problem . In addition, the spectrum o f interest does not
contain an NincidentNion beam since the incident ^H e^+ ions are separated out by the
sw itching m agnet (In energy loss m easurem ents in which the charge o f the projectile
does not change during a collision, there is no way to separate out the incident beam
from the signal o f in terest) One m ust also rem em ber that in the present configuration
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o f the apparatus, ion energies are already reduced from 180 keV to 2 keV in the
decelerator before entering the cylindrical analyzer. Thus focussing problem s in the
deceleration region are already present In this sense, die apparatus is already a lim ited
RFA.
The retarding field analyzer used in this work consisted o f 4 m ajor com ponents: a
m ain deceleration region, a focussing lens-drift region, a set o f retarding field grids,
and a Johnston Laboratory particle m ultiplier. (See Figures 25 and 26). A fter passing
through the target region and switching magnet, ions that entered the m ain deceleration
region were reduced to an energy o f approximately 400 eV, where they then entered the
lens-drift region. A ll lens elem ents z-2 through z-7 were held at the decelerator
potential. This provided a field-free drift region for the ions and also established a
w ell-defined potential before the retarding field. Since the resolution o f a retarding
analyzer depends critically on the values o f momenta perpendicular to the retarding field
and beam axis, an aperture was installed in lens element z-7 to discrim inate against ions
with large components o f transverse velocity. Lens element z-6 consisted o f cylindrical
steering segments to help guide the ion beam through the 1/16 inch diam eter aperture.
A fter passing through the aperture, the ions were subjected to the retarding field. A
dual set o f gold wire grids, which w ere electrically connected, provided the retarding
potential. The distance betw een the grids was approxim ately 1/2 inch. Since the
interplate distance d between the aperture and retarding grids was about 1 inch, Eq.
(18) results in a lim iting resolution o f 0.1 eV for this device. Ions w ith sufficient
energy to overcom e the potential barrier o f the first grid drifted across the field free
region between and passed through the second grid. Since the Johnston Lab detector
was operated with the first dynode, o r collector plate, at -4000 volts with respect to the
decelerator potential, ions exiting from the second retarding grid w ere strongly
accelerated and focussed onto the detector. Before striking the first dynode on the
Johnston Lab detector, ions passed through an electron suppression grid that was
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Figure 25. Retarding-field ion-energy analyzer (RFA).

ELECTRON MULTIPLIER
DECELERATOR COLUMN

Figure 25

ION BEAM

COLUMN FOCUS ADJUSTMENT
HIGH VOLTAGE
-4
00

79

Figure 26. Close-up o f the retarding-field ion-energy analyzer illustrating the lens-drift
region (see text). The individual lens elements are labeled z l through z7.
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biased negatively with respect to the first dynode. This grid elim inated secondaryelectron em ission from the first dynode which would tend to reduce ion detection
efficiency. The high voltage applied to the detector also ensured that all ions striking
die first dynode o f the detector had roughly the same kinetic energy.
A spectrum taken o f nearly m ono-energetic (AE » 1.5 eV ) protons is illustrated in
Fig. 27.

(W e had previously m easured AE w ith the cylindrical analyzer.)

The

precision AV supply, used before for varying the accelerator potential, controlled the
scanning o f the retarding voltage applied to the grids. A proton beam w as extracted
from the source and passed into the deceleration region. To steer the beam into the
analyzer, the retarding voltage and lens elem ent z-1 were shorted to the decelerator
potential. The signal on the Johnston Lab detector was m axim ized by using the
switching m agnet, post-m agnet steering plates, and z-6 steering plates. The retarding
voltage was then increased to ensure that the ion signal went to zero when the retarding
voltage w as too high for any ions to overcom e the potential barrier. T he resistor
controlling elem ent z-1 was then adjusted to re-m axim ize on the ion signal w ith the
retarding voltage set back to zero. Retarding voltage scans were then taken to obtain
spectra. The 18 eV cu to ff resolution in Fig. 27 indicates the capabilities o f the
analyzer. Although this resolution is far from the lim iting 0.1 eV resolution calculated
from Eq. (18), it still enables us to make state-selective capture m easurem ents for n=l
and n=2 since these levels are separated by 40 eV. The lim iting resolution given by Eq.
(18) assum es that the incident beam is fully mono-energetic and parallel before entering
the aperture. In the present case, the proton beam is not fully m ono-energetic and
focussing effects, due to the m ain deceleration, may cause unwanted beam divergence
before entering the analyzer. A t this tim e it is not known w hy the resolution does not
agree with Eq. (18).
In order to obtain state-selective capture spectra, the experim ental procedure was
the same as discussed in Section D. Figure 28 illustrates a retarding voltage scan o f the
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Figure 27. Retardation voltage spectrum o f nearly m ono-energetic protons.

Initial

proton energy was 30 keV w ith an energy w idth AE o f about 1.5 eV, as m easured
previously with cylindrical analyzer.
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Figure 28.

3 +
3 2+
Retardation voltage spectrum of H e form ed in collisions o f He

incident on He. (Incident projectile energy w as 30 keV /am u.) The ion signal was
norm alized to the m easured neutral signal, which varies linearly with the incident beam
for constant pressures. The spectrum depicted represents an average of three separate
data runs. Each spectra was first norm alized to the neutral signal and then the average
was taken at each voltage.
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product

3

He

+

produced in alpha-helium collisions fo r a projectile energy o f 30

3 +
keV/amu and m easured at a zero degree scattering angle. The full H e ion beam is
detected w hen the retarding voltage is less than 150 V. As the retarding voltage is
increased, ions suffering from transfer ionization energy losses begin to be blocked by
210 V, and the signal decreases. A t 270 V, only the n = l and n=2 capture channels
have enough energy to overcom e the retarding barrier, and when the voltage reaches
290 V, only the n = l superelastic ions remain.
In order to make a com parison o f this RFA spectrum w ith one obtained using the
cylindrical analyzer, the spectrum in Fig. 21 was integrated and plotted in Fig. 29.
(Both spectra were taken w ith the same incident ion energy.) O ne can see that the
positioning and magnitudes o f the features in both spectra agree well. If the anom alous
peaks previously observed betw een the n = l and n=2 channels in the cylindrical
analyzer spectra were real, the slope on the retardation scans to the left o f the n = l cutoff
position w ould have a negative value. Since the m easured slope is essentially zero, it
can be safely concluded that the anomalous features were not associated with the actual
collision m echanism s in which we are interested. As another way to com pare the tw o
spectra, T ri-M etrix's Axum graphics and data analysis program w as used to first
sm ooth and differentiate the RFA spectrum in Fig. 28 and the results are illustrated in
Fig. 30.
Retardation spectra were taken fo r Ar and N e targets with projectile energies o f 30
keV/am u and are illustrated in Figs. 31 and 32. The Ar spectrum shows that the n = l
superelastic channel is negligible, w hile transfer ionization is enhanced, which agrees
with the previous cylindrical analyzer spectra. Ionization energies for H e, Ne, and A r
are 24.5, 21.6, and 15.8 eV respectively. Since a resonant zero energy-loss capture
process will occur if the binding energy o f the target is equal to the 13.6 eV binding
3 +
energy o f the n=2 level o f H e , one may expect that the ratio o f the n = l to n=2
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Figure 29. The Energy gain/loss spectrum illustrated in Fig. 21 was integrated and
plotted for comparison with the equivalent retardation voltage spectrum. Integrated
signal represents the ion count rate, from Fig. 21, integrated over energy. Since the
spectrum only covered a 100 volt range in Fig. 21, a straight line was added to simulate
the rest o f the spectrum. The positioning of the plotted spectrum was chosen arbitrarily
for comparison.
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Figure 30. The derivative o f the retarding voltage spectrum in Fig. 28 was m ultiplied
by -1 and plotted.
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Figure 31.
30keV/amu.

Retarding voltage spectrum for Ar targets with projectile energies of
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Figure 32.
kev/amu.

Retardation spectrum for a N e target with projectile energies o f 30
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capture signals will be suppressed when the ionization potential of the target is near the
n=2 binding energy. This is in qualitative agreement with the spectra.14
Since the count rates with the RFA were in the 1000 H z range, pressure tests to
ensure single collision conditions could be properly done. After energy scans were
taken fo r He targets, maximum retardation voltages corresponding to complete passage
o f the n = l capture signal, the n=2 capture signal, and the complete beam (n="all")
signal were recorded and the retardation voltage was fixed at these values. While
m onitoring the

3

He

2+

incident beam current, by periodic insertion o f a beam flag

before the target chamber, count rates versus pressure were recorded. The results are
shown in Fig. 33 through 36. (In each case the count rates were norm alized to the
incident beam.) As mentioned in the preliminary results section, double collisions
within the target region would result in reducing the n = l superelastic channel. If a
^He+(n = l) ion is formed in the collision, secondary collisions can only result in energy
losses o f the ion. Since the retarding voltage was set to block out all but the fast
superelastic ions, any subsequent energy losses would only reduce the n = l count rate.
Figure 33 illustrates the pressure dependence o f the n=l channel for pressures up to 40
microns. As can be seen, the pressure dependence is linear. Figure 34 illustrates the
pressure dependence o f the n=l channel for pressures low er than 10 m icrons, and
again the dependence appears quite linear. Further measurements were also made for
the other channels and are illustrated in Figs. 35 and 36.
One may question the fact that the count rate versus pressure curve for the
superelastic channel has a zero intercept (in other words, that there does not exist a
superelastic "background"), while the other channels have non-zero intercepts. A full
energy scan o f the background, with no target gas pressure, is shown in Fig. 37. This
background spectrum was discovered to be caused by collisions with nitrogen which
came from a slight atmospheric leak within the post-scattering magnet. Since the
ionization potential o f N 2 is near that o f Ar, one expects that the n=l channel will be
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Figure 33.

Normalized count rate is plotted versus pressure for the n = l superelastic

channel. (The count rate was normalized to the incident ^He^+ beam.)
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Figure 34. Normalized count rate vs. pressure for the n= l channel.
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Figure 34
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Figure 35.

Normalized count rate vs. pressure for the n=2 and n’= l

capture channel after subtraction o f superelastic signal.

or n = l

and n'=2
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Figure 35
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Figure 36. Count rate vs. pressure for acceptance of all capture channels.
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Figure 36
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Figure 37. Retardation voltage background spectrum. Target pressure was less than
0.05 microns.

In this case the spectrum was not normalized to the incident beam,

though the incident ion beam currents were measured to be the same, by insertion o f the
flag, before and after the run.
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reduced as is that for capture from Ar. This explains why the n = l channel is small in
Fig. 37, and why the data o f Figs. 33 and 34 have a zero intercept, while all others are
non-zero. The final conclusion is that single collision conditions hold fo r pressures
below 40 m icrons, although subsequent data runs involved pressures less than 20
microns.
A ngular scans o f the features in the retardation spectra were perform ed next to
study the angular dependence o f individual state-selective cross sections and are plotted
in Fig. 38 for a projectile energy o f 15 keV/amu. Angular scans w ere taken fo r the
n = l, n=2, and sum of all channels, n=all, by holding the retardation voltage fixed at the
appropriate cutoff values. Since the individual n state contributions to the total cross
section are obtained by integrating sin0do/dQ over the full angular range, a true
indication o f the "weight” with which a given value of d a(0 )/d fl contributes to the total
cross section is obtained by plotting sin6do(6)/d£2 vs. 6. Plotting the data in this way
has the additional benefit that details o f the functional dependence on 0 o f do /d Q are
made more apparent at large angle, where they would normally be obscured by the
small absolute values o f do/dft. Thus, each spectrum was multiplied by sin0 and after
normalizing the n= l and n=2 spectra to the n=all spectrum, the results were plotted in
Fig. 38. As the results indicate, all n channels have the same angular features and
shapes. This immediately implies that the state-selective cross sections in which w e are
interested have the same angular dependencies and can thus be obtained from
retardation voltage spectra alone, independent o f the angle at w hich the spectra are
taken. (In order to get good statistics, however, the retardation spectra should be taken
at a zero degree scattering angle.)
The m ajor experimental difficulties encountered with the cylindrical analyzer were
thus overcome. The tim e required to m aneuver the

3

He

+

product beam into the

analyzer was reduced from a few hours to about 10 m inutes. The count rates were
increased by a factor o f a thousand. Finally, the anomalous features previously
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Figure 38. Angular spectra for 15 keV/amu incident projectile energy. The maximum
heights of the n=l and n=2 capture signals were normalized to the that of the n=all
capture signal after multiplying by sinO « 0.

mrad (Lab Frame)
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observed were eliminated. Thus, the retarding field ion energy analyzer has proved to
be a marked success in this experimental endeavor.

G. RESULTS AND DISCUSSIONS
Experimental data for state-selective capture collisions were obtained with the RFA
by two separate methods. The first method involved retardation voltage scans alone.
The second method involved both voltage and angular scans of the features in the
retardation spectra. As previously mentioned, it was found that the angular dependence
of all the capture channels were the same and that cross sections could be obtained by
the first method alone. Nonetheless, the data acquired by the second method, taken as
a check to ensure that our assumption of n- state independence o f the angular differential
cross sections was correct, can still be used. This section discusses these experimental
methods in detail and also describes the data analysis used to obtain total state-selective
capture cross sections.
In the first method, retardation spectra were obtained with target gas pressures
between 15 and 20 microns. Following these scans, the target gas was pumped out
3
and background spectra were obtained. During all data acquisition, the neutral He
3 +
atoms formed in the collision region were monitored along with the He ion signal in
the retarding analyzer. In addition, target pressures were well regulated to within 2%
of the operator preset values. Thus, the incident ion beam can be continually monitored
by measuring the neutral ^He signal. Once spectra were obtained, both "gas in" and
"gas out" background spectra were then normalized to their respective neutral signals.
After normalization, the background was then subtracted.
Figures 39 through 41 illustrate normalized and background subtracted spectra for
He

ions formed from single-capture collisions of H e

with He for incident

projectile energies of 15, 30, and 45 keV/amu. It was observed that the resolution of
the RFA had changed when, following the 15 and 30 keV/amu runs, the 45 keV/amu
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Figure 39.

Normalized, background-subtracted retardation spectrum for projectile

energies of 30 keV/amu. (See text)
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Figure 40.

Normalized, background-subtracted retardation spectrum for projectile

energies of 15 keV/amu.
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Figure 41.

Normalized, background-subtracted retardation spectrum for projectile

energies of 45 keV/amu.
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spectra were taken. At first, this was thought to be a focussing problem in the main
deceleration region caused by the higher voltage. Further tests at 30 kev/amu and 15
keV/amu, however, revealed that the resolution had changed for all energies, implying
that a problem had arisen within the RFA itself. Since a vacuum failure had also
occurred within the system prior to obtaining the 45 keV/amu data, it was believed that
the resolution problem was due to oil contamination o f the retarding grids. The
analyzer was then disassembled and new grids were installed, but failed to reproduce
the initial resolution. Nonetheless, cross sections could still be obtained from the 45
keV/amu spectra. (At this time it is still not known what caused the problem with the
resolution.)
The second experimental method used to acquire data involved both energy and
angular spectra. With gas in, an energy gain/loss spectrum was first obtained and the
retarding voltage cutoff positions o f the individual capture channels were recorded.
The retardation voltage was then set at the n=l cutoff position and an angular spectrum
was obtained. The target gas was then pumped out and an angular background
spectrum was acquired. After the angular scans, another energy scan was performed to
re-check the cutoff positions and the procedure was repeated for the n=2 and n=all
channels. (Energy scans were always taken before and after angular scans). The gas
target cell had an electrostatically isolated aperture mounted onto the beam entrance,
which was fixed with respect to the accelerator. Thus, the incident ion beam could be
monitored during the angular runs allowing for incident beam normalization. (The
target and aperture rotated with the accelerator assembly as the scattering angle was
changed). Subsequent angular spectra could then be normalized to the incident beam
and signal to background ratios for die n = l, n=2, and n=all channels were computed.
After normalization and background subtraction, the data were analyzed to obtain
state-selecdve capture cross sections. The analysis procedure for the energy-scan
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method will be discussed first, and the procedure for the angular method will be
considered thereafter.
All RFA voltage spectra obtained were first smoothed and differentiated by using
TRI-METRIX’s graphics and data analysis program "Axum".

Each derivative

spectrum can then be used to determine the maximum retardation voltage Vj
corresponding to complete passage of the n=l superelastic ions. After the n= l and n=2
peaks are located in the derivative spectrum, the maximum voltage position V j between
the n = l and n=2 peaks, in which the derivative became zero, was recorded. In some
cases the derivative never reached zero, so the maximum voltage at which a minimum
occurred was used (see Fig. 42).

Ten data points were then taken from the

corresponding undifferentiated spectrum ranging from (Vj - 20V) to V j, were averaged
to yield I j, and a standard deviation o f the mean Sj o f these 10 data values was
computed. (All spectra were taken with 2 volt steps.) To obtain an average total ion
count rate, in which all 3He+ ions were detected, all data points ranging from the lowest
retardation voltage measured to the highest voltage in which the ion signal first began to
decrease were averaged to yield I^j, and a standard deviation of the mean s^j was
computed. The cross section for capture into the n=l state, c v can then be computed
from

Ol = (Il/Iall)Ot ,
where Ij and JaU are the average normalized count rates for capture into the n=l and
n=all channels respectively, and o t is the total single capture and transfer ionization
cross section for this system.
The total single capture and transfer ionization cross section o ( can be obtained by
using interpolated values from the experimental data of Shah et al.

and o f Dubois ,

which are listed in Table I. The weighted average was used to determine

at each

energy.
The relative experimental error AOj in the n=l cross section was computed from
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Figure 42.

Schematic illustrating how RFA voltage position V j was obtained,

a.)

Ideal RFA and derivative spectra. V j should be taken as indicated, b.) Realistic RFA
and derivative spectra.

The maximum voltage V j at which the derivative spectrum

reached zero is indicated, c.) Derivative spectrum in which maximum voltage V j was
chosen for a minimum in the derivative spectrum.
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Table L

Interpolated total single capture cross sections for 3H e2+
incident on He from Refs. 6 and 7. Uncertainties are given in
parenthesis.
Energy
(keV/amu)
15
30
45

Shah et a l .6
(10'16 cm2)
1.69 (.14)
2.83 (.19)
2.78 (.19)

Dubois7
(10-16 cm2)

Weighted Average
(10‘16 cm2)

1.79 (.38)
2.96 (.63)
3.02 (.64)

1.70 (.39)
2.84 (.63)
2.80 (.62)
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(ACTj /G j )2 - (Sj / I j )2 + (S g i/I jqi)2*

(Sec Ref. 20.)
The cross section for capture into the n=2 level was computed next. (This channel
includes n=2 and n = l or n = l and n'=2.) Since the n=2 level is exactly 40.8 eV from
the n = l capture channel, the count rate of the n=2 level ^ was taken at a retarding
voltage position of Vj - 40.8. By using the count rate obtained, the cross section c 2
was computed from

Since only one data point was used in determining ^ , the relative experimental error for
the n=2 channel Ao2 was taken as

(^a2/°2>= Sal/ *all *
(The relative error in the n=2 cross section is set equal to the statistical error in
determining the total ion count rate W *
The data analysis for the angular method was similar to that of the first method.
The energy scans that were taken between angular scans were used as in method 1, but
with the background corrections coming from the angular "gas in" and "gas out" scans.
The major disadvantage o f this method was that error was introduced in the calculations
of the n=2 levels. This error came about due to the uncertainty in pinpointing the exact
voltage location o f the n=2 capture level while making angular scans for both gas in and
gas out since the retardation energy spectra were observed to drift in energy, sometimes
by as much as 5 eV, over the long period o f time during which the angular scans were
performed. If the retardation spectrum drifts before a gas out run, the background
subtraction will give erroneous results. In contrast, the background for the n= l capture
level was always essentially zero. (See Section F.)
The results from existing data sets for capture into the n = l and n=2 states are
illustrated in Figs. 43 through 48 for projectile energies ranging from 15 to 45
keV/amu. As can be seen, the data indicates non-statistical variations about their mean
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Figure 43.

Scatter plot for n = l capture channel taken with projectile energy o f 30

keV/amu. Individual data points were extracted from separate spectra. The three data
points 7 to 9 were obtained by the angular method.

(See text).

represent relative errors and do not include overall normalization error.

Errors indicated

n = l single capture 30 keV/amu

Figure 43
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Figure 44. Scatter plot for capture into n=2, n '= l or n = l, n'=2 for projectile energies
o f 30 keV/amu. The last three data sets were obtained by the angular method. Due to
experimental uncertainties, the last three data sets were thrown o u t (See text.)
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cross section (x l(H 6 cm2)

n=2 sin gle capture 30 keV/am u

Figure 44
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Figure 45. Scatter plot for capture into the n=n'=l superelastic state for projectile
energies of 15 keV/amu. The last three data points were obtained by the angular
method.

cross section (xl(H 7 cm2)

n = l single capture 15 keV/am u

Figure 45
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Figure 46. Scatter plot for capture into the n=2, n '= l and n = l, n'=2 level for projectile
energies o f 15 keV/amu.

The last three data points were obtained by the angular

method and were thrown out due to the experimental uncertainties.

cross section (xlO-17 cm 2)

n=2 sin gle capture 15 keV/am u

Figure 46
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Figure 47. Scatter plot for capture into the n=n'=l state for a projectile energy o f 45
keV/amu. All data were taken by energy scans alone.
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section (x l(H 7 cm^)

n = l single capture 45 keV/am u

Figure 47
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Figure 48. Scatter plot for capture into n=2 state for a projectile energy of 45 keV/amu.
All data were taken by energy scans alone.

section (xlO_1 6 Cm2)

n=2 single capture 45 keV/am u

Figure 48
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which may be attributed to unaccounted-for time-dependent systematic drifts or random
variations in the apparatus. The source o f these fluctuations arc not understood. Since
further experimental error was introduced for the n=2 capture channel in the angular
method, as mentioned above, all cross sections obtained for a 2 by the angular method
were thrown o u t
To obtain final results, the individual computed cross sections for each run were
combined as a weighted average, and the final relative errors were computed using the
standard deviation of the mean for these individual cross sections about the weighted
average. (See Ref. 20.) The final results arc listed in Table n . (Overall errors due to
normalization to the data of Shah et al. and Dubois were around 22% and are not
combined with the results in Table n .)6,7
Figure 49 compares the final results to the experimental data o f Afrosimov et al.

7

Good agreement is seen for the low 45 keV energy position. Since Afrosimov's "n >
1" data represent the sum of the n=2, 3 and 4 capture levels, it is expected that our
cross section for n=2 should be slightly less than his value, as is observed. As the
experimental data show, capture into the higher n=3 and 4 levels is negligible for the
higher energies. Calculations of the cross section for the n = l channel by the impact
param eter m ethod obtained by Fulton and M ittlem an

are also shown. The

calculations utilized wavefunctions for only 3 states: [He2+ + H e (ls2)], [H e(ls2) +
He

], and [He (ls) + He (Is)]. They arc in good agreement with experiment. (At

this time these arc the only theoretical calculations known for this system.)

H.

CONCLUSIONS
From the experimental cross sections measured for He targets, and examination o f

the spectra for neon and argon, it appears that electrons arc preferentially captured into
n states that have binding energies close to that o f the single ionization potential of the
target In addition, the closer the ionization potential of the target is to the n=2 energy
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3 2+
Table n . Final state-selective single electron capture results for He

incident on He. The designation n=l and n=2 signifies electron capture
into the n=n'=l and either n=2, n’= l or n = l, n'=2 states respectively.
Uncertainties given represent relative error. Overall error due to
normalization is about 22%.
Energy

n=l

n=2

(keV/amu)

( x 10‘ 17 cm2)

( x 1 0 '^ cm2)

15

4.46 ± 0.16

0.884 ± 0.035

30

6.89 ± 0.26

1.50 ± 0 .0 6

45

5.64 ± 0.24

1.45 ± 0 .0 6
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3 2+
Figure 49. State-selective capture cross sections for He incident on He. Relative
errors are less than 5%. Overall errors are about 22% due to normalization to data of
Shah et al. 6 and Dubois.7 Dashed lines indicate theoretical calculations from Ref. 21.
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o f He+, the more diminished the n = l capture channel becomes. For hydrogen targets,
the ionization potential is exactly equal to that o f the n=2 state of He+. Thus, one may
predict that the superelastic n=l channel will be greatly diminished, with capture
occurring predominantly into the "resonant" n=2 state. Since the superelastic channel
will be diminished, one may hope that capture into the n=3 state, which plays an
im portant role in the diagnostic technique for fusion reactors, will have a higher
probability for H targets compared to He. This hope is not encouraged by the
calculations o f Olson.14
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m.

D O UBLE E L E C T R O N CA PTU R E

Another collisional process involving alpha-helium collisions is the double electron
capture reaction
3He2+ + H e —> 3He + He2+ .

(20)

As mentioned in the introduction to this thesis, this reaction has been proposed as a
diagnostic tool to extract information on alpha particle energy and spatial distributions
within fusion plasmas. Extensive total cross section measurements have been carried
out for this reaction summed over all ^He excited states, and a compilation of these data
are illustrated in Fig. 50. (See also Ref. 22 and references therein.) More detailed
information on this reaction can be obtained utilizing the angular resolution capabilities
of the UMRIELS. The first intermediate energy (60 keV/amu) angular differential
cross sections for reaction (20), summed over all He final states, are reported. A brief
description o f the experimental procedure used is given, followed by a discussion of
the results.

A. EXPERIMENTAL PROCEDURE AND DATA ANALYSIS
The experimental procedure used to measure cross sections for reaction (20)
differentially in angle is similar to the technique used in the measurements o f stateselective single electron capture. The only exception was that the VRA remained
3 2+
shorted since the decelerator was not needed. Once a stable He beam was obtained,
it was passed through the target and around the switching magnet where it was
monitored with a movable flag assembly mounted to one o f the exit ports o f the
analyzing magnet.

Neutral atoms formed in the collision region were detected by a

Johnston Laboratory particle multiplier housed within the neutral particle detector
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Figure 50.

3 2+
Double electron capture cross sections vs. projectile energy for H e

incident on He. Experimental data are from Ref. 22.
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chamber.

The solid angle o f the detector was determined by movable 0.01 cm slits

(see Fig. 18 ). The distance from the center o f the collision region to the detector was
168 cm. Since the angular resolution o f the UMRIELS depends upon the incident
beam angular width, a second set o f slits were inserted into the beam before the
scattering target region for beam collimation.
Target pressure tests were performed and it was observed that the neutral count
rates varied linearly as a function o f target pressure for pressures between 0 and 10
m icrons. It appeared that the slope o f the neutral count rate vs. pressure curve
decreased above 10 microns indicating that some other double collision mechanism was
reducing the double capture channel. Nonetheless, the target pressure tests determined
that single collision conditions were ensured at target pressures below 10 microns.
Subsequent data runs involved target pressures o f 5 to 7.5 microns.
Angular scans were then taken o f the neutral signal. Additional scans of the
neutrals were taken with target pressures of zero to allow background subtraction.
(Background signals were approximately 5% o f the neutral signal.) B y setting the
magnetic field in the switching magnet near zero, the incident beam was allowed to
strike the neutral detector, thus permitting angular scans o f the incident beam to be
taken. These measurements enable an apparent differential cross section, ds/d&, to be
obtained:

ds(0)/dG = In(e)Dc/(I0nlA Q ),

(21)

where In (0) is the background-corrected neutral angular spectrum, lQ is the total
incident beam current (obtained by integrating the incident beam angular spectrum over
the full angular range), n is the target density, 1 is the target length, ACl is the solid
angle subtended by the detector, and D is the ratio o f the detector efficiencies fo r
detection of alpha particles and fast neutral atoms.

143

One might naively expect the ratio o f detector efficiencies D to be near unity, since
c
a Johnston Laboratory detector is a "particle multiplier". This m ay be an incorrect
assumption, however, because the detector efficiency really depends upon electron
production from projectile impact on the detector's first dynode. Since neutral He
initially has two electrons, its detection efficiency could be different (and presumably
somewhat higher) than that for alpha particles. The ratio o f the neutral count rate IR (as
measured by the detector) to that o f the incident alpha particle detection rate Ia , can be
expressed as
Ii / Ia = [en(V)/ea (V )]a n l,
where o is the total neutral production cross section, n is the target density, 1 is the
target length, and e (V)/e (V) is the detector bias voltage (V) dependent efficiency
II
ratio. With the target pressure held fixed, it was observed that the ratio III
Jl

remained

constant while the detector voltage was increased. This im plies that the detector
efficiencies differ by only a constant CQ:
e (V) = C * e f V ) .
In order to determine CQ one m ust have accurate knowledge o f the total neutral
production cross section o. Setting CQ equal to one will effect the value of the total
cross section, but will not effect the relative differential cross sections of interest here.
Thus, CQ will be assumed to be unity for the rest o f this discussion.
A sophisticated computer program, previously developed in this laboratory by J. L.
Peacher11, was used to calculate the real differential cross section do/dU , from the
apparent differential cross section ds/dft, by
d s/d n = f(6)d o /d & ,

(22)

where f(6) is a slowly varying apparatus/beam function o f 6 only. The apparatus/beam
function f(6) depends on the incident beam angular spread IQ(0) and the solid angle
subtended by the detector.

[The neutral angular spectrum In (0 ) is actually a

convolution o f IQ(0).] The apparent differential cross section can be rewritten as
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ds/dH = (l/AOIo)J [dl0(6)/dii][do(e)/dii] d ii ,

(23)

where the integration is done over the solid angle subtended by the detector. By further
assuming that f(0) is approximated by a truncated Taylor series expansion, Eqs. (22)
and (23) are used in successive iterations to obtain f(0) which results in the smallest
differences between Eqs. (23) and (22), and the real differential cross section is then
obtained from Eq. (22).

B. RESULTS AND DISCUSSIONS
Figure 51 is a plot of differential double electron capture cross sections as a
function of scattering angle obtained from 4 different runs at projectile energies of 60
keV/amu under the same experimental conditions. The 4 sets of data were then
averaged, at each scattering angle, and the results are listed in tabular form in Table HI.
Error bars quoted are the standard deviation of the mean. The four sets of differential
double capture cross sections were integrated over angle to obtain four separate total
cross sections. These were then averaged resulting in a = 1.08 x 1 0 " ^ cm2 with an
experimental error of about 20% obtained, again, from the standard deviation o f the
mean. Interpolation of the data from Ref. 22 yields a = 3.84 x 10

17

2

cm with an

experimental error of 20%. The reason for this difference is discussed below.

C. CONCLUSIONS
As previously mentioned, our total cross section value is based on the assumption
that the detector efficiency for detecting neutral atoms is equivalent to that for detecting
alpha particles. Detector efficiencies were studied in more detail in the experimental
work of Dubois.

In his work, comparisons were made between the detection

efficiency of a secondary electron emission particle detector (similar to our detector) and
a surface barrier detector for which unity efficiency was assumed. His measurements
yielded efficiency values of 0.68 for He

impact and 0.84 for neutral-helium impact.
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3 2+
Figure 51. Angular differential double electron capture cross sections for He
incident on He for projectile energies o f 60 keV/amu. Experimental data from 4
separate runs are plotted versus center of mass scattering angles.
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Table III. Final angular differential cross sections for double electron

capture by 60 keV/amu

'i

He

o .

incident on He. (Quoted in center of

mass coordinates).

Theta (c.m.)
(mrads)

da/dQ (c.m.)

% error

( x 1 0 '^ cm^/sr)

0.0

1.77

26

0.0263

1.63

31

0.0845

1.25

26

0.172

0.994

21

0.289

0.629

35

0.405

0.339

32

0.522

0.232

35

0.638

0.167

32

0.784

0.124

30

1.02

0.0643

26

1.44

0.0194

36

2.04

0.0108

31
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Thus, our total double capture cross section can be assumed to be too large due to the
fact that the detector efficiency ratio en/ea for our detector is greater than unity. In order
to obtain a more accurate absolute total cross section, the detector efficiency must be
studied in more detail in the future. Nonetheless, the detector efficiency should not
have an effect of the relative angular differential cross sections.
Figure 52 compares the experimental data to Classical Trajectory Monte Carlo
(CTMC) calculations of Meng et al.

24 and to an impulse approximation of Gravielle

and Miraglia.25 The total capture cross section obtained by integrating the theoretical
-17
2
CTMC differential cross sections yields a value of 3.65 x 10
cm . By normalizing
our measured differential cross sections to the CTMC calculations at 0 = 0.2 mrads, we
do find good agreement in the angular shapes between experiment and theory.
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Figure 52. Angular differential double capture cross sections vs. laboratory scattering
3 2+
angle for 60 keV/amu He
incident on He. Experimental data are represented by
solid squares (data is normalized to the CTMC calculations).
body CTMC calculations from Ref. 24.

Solid line is from 4-

Dashed line is from a 3-body CTMC

calculation utilizing the independent electron model. Dotted line represents results from
an impulse approximation for capture into the ground state. (Ref. 25).
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IV.

SADDLE-POINT IONIZATION

In addition to electron capture collisions, single ionization phenomena are important
in magnetically confined thermonuclear fusion devices. In particular, single ionization
plays a key role in plasma penetration of neutral beams and in energy balances within
fusion plasmas. Impurity ions such as c 5 + and 0 ^ +, which are created from collisions
o f plasma constituents with the reactor walls, have detrimental effects on the fusion
reactions within the plasma. Electrons liberated during the ionizing reactions
Cq+, Oq+ + X — > Cq+, Oq+ + X+ + e '

(24)

(where X denotes H, D, or He) result in energy losses from the plasma through
bremsstrahlung emitted when the ionized electrons undergo secondary collisions with
highly charged ions. In addition, the depth o f penetration of neutral beams used to heat
the plasma depends upon ion densities and cross sections for reaction (24). Thus,
knowledge o f the mechanisms involved in single ionization becomes an important
element in the success of controlled fusion. (Here, and in the following discussion,
single ionization is considered as the process in which an electron is liberated from the
target atom while the charge of the projectile remains constant)
Extensive measurements have been carried out for reaction (24) including charged
projectile species other than C ^+ and 0 ^ + . The experimental investigations have
shown that the magnitude and projectile-energy dependence of single ionization cross
sections seem to depend only on the projectile charge and not on the particular projectile
ionic species.26,27

To illustrate the general behavior o f the projectile-charge

dependence o f ionization cross sections, experimental data for single ionization of
helium by H+, He^+, and Li^+ are shown in Fig. S3.26 As one can see, not only does
the value of the maximum cross section increase when the projectile charge increases,
but the projectile velocity at which the cross section maximum occurs shifts to higher
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Figure 53. Total single ionization cross sections for H +, He^+, and Li^+ incident on
helium. Cross sections arc plotted vs. incident projectile energy divided by the
projectile mass (eV/amu). (Ref. 26).

Figure 53
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velocities. Until this thesis work was accomplished, no general theoretical description
o f this systematic shifting phenomenon existed.
In the absence o f theoretical guidance, certain "scaling laws" have been developed
to facilitate computational modeling of fusion plasmas.27 Experimental data for C^+ ,
Oq+ + H, and Cq+, Oq+ + He ionizing collisions allow formulation of the following
empirical experimental scaling laws for the projectile energy at which the cross section
maximum max
_appears
and for the value of the cross section maximum o ___
rir
max:

Emax = aq° '65 x 1(>4 eV/amu

(25)

and

°m ax = bql 3 x !° 16 cm^ >

(26)

where q is the projectile charge, and the values of a and b are listed in Table IV.
In order to obtain a theoretical foundation for the above empirical scaling laws, one
must first begin with an understanding of the physical mechanisms involved in ionizing
collisions. By studying the ejection angles and velocities of electrons following their
ionization, one can gain considerable insight into the collision dynamics. From early
experimental measurements, descriptions of ionization phenomena generally associated
the ejected electron with either the ionized target or the projectile. After the rupture o f
the target atom, the ionized electron was viewed as either being in a continuum state o f
the target or captured into a continuum state o f the projectile. The result o f this
particular view is that the electron tends to emerge from the collision with either a
velocity near that of the target ion or a velocity comparable to that of the projectile. This
two-center description was a natural consequence of the striking nature o f the chargetransfer to the continuum (CTC) cusp found at an ejection angle o f zero
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Table IV. Values of the scaling constants a and b are listed with the

corresponding collision pairs.

Collision pair

a

b

C^+ + H

4.3

1.66

0^+ + H

4.14

1.75

Cq + , ( f t * + He

10

0.843
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degrees28 and the monotonic decrease with energy of singly-differential ionized
electron energy spectra.29 Classically, these phenomena can be understood as the
tendency of the ionized election to fall into either the ionized target or projectile potential
wells. There exists another mechanism that can produce free electrons. If the target
atom has more than one bound electron, two or more electrons can be impulsively
placed into excited states, and if their net energy is greater than the single ionization
potential o f the atom, the subsequent release o f energy can eject an electron. These
"Auger" electrons come out o f the collision with characteristic energies and are
essentially emitted isotropically. The standard picture o f single ionization in the
literature has historically been based upon these three mechanisms.
Departures from the standard description of single ionization began several years
ago in theoretical studies first done by Olson.30 In theoretical examinations of H + + H
ionizing collisions at intermediate energies, he observed a large portion of ejected
electrons emerging from the collision with velocities close to half that of the projectile.
He attributed this to electrons being stranded on the Coulomb equiforce, or "saddle"
position, between the projectile and ionized target potential wells. (The saddle-point is,
by definition, the position in which the Coulomb force exerted on the electron by the
target ion is equal and opposite to that of the force exerted by the projectile.) In later
theoretical studies o f H+ + H ionizing collisions at low energies (E £ 15 keV), W inter
and Lin31 found that the inclusion of an additional transient basis set traveling at half
the speed of the projectile led to dramatic improvement in agreement between their
calculations and the measured cross sections of Fite e ta l .31 The traveling basis set in
Winter and Lin's calculations represent the same "saddle-point" electrons observed by
Olson.
To further study this saddle-point phenomenon, experiments were performed in
our laboratory on the energy and angular spectra of electrons ejected in collisions o f
protons and alpha particles incident on rare gases. The experimental apparatus will be
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briefly described, and a discussion o f the data will follow. From the experimental
observations, a simple classical theory o f ionization is developed which embraces the
concept of saddle-point electrons and the saddle-point ionization mechanism. The
empirical experimental scaling laws used in computational modeling o f fusion plasmas,
Eqs. (25) and (26), are then derived from this saddle-point theory.

A. EXPERIMENTAL APPARATUS
In these experiments projectile ions were produced in either a Colutron source or a
home built microwave ion source similar to that developed by Walther, Leung, and
Kunkel.32 (See Figs. 54 and 55.) W hile the Colutron ion source produced adequate
proton beam currents, it's alpha particle beam currents were unacceptably low. It was
found that alpha beam currents from the microwave source were a factor o f 10 higher
than those from the Colutron. The ions were extracted and entered the acceleration
column where they were accelerated to energies between 15 and 200 keV/amu. They
then passed through a set of beam steering plates before entering a mass-selection
magnet. After mass selection, the ions passed through a quadrupole magnet before
finally entering the target chamber where they underwent final collimation. The ions
then crossed an effusive target in single collision conditions. Electrons produced in the
intersection volume o f the gas and ion beams were analyzed with a parallel-plate
electrostatic energy analyzer, which could be used at angles o f 0 degrees by virtue of an
aperture in the analyzer back plate o r at angles between 17 and 120 degrees, a range
dictated by analyzer and chamber geometry. After energy analysis the electrons were
detected by a Channeltron detector. The target chamber and electron energy analyzer
were on loan for this experiment from Argonne National Lab. (See Ref. 33.) Magnetic
fields in the interaction volume were reduced to less than 10.0 mG by Helmholtz coils
and mu-metal shields. Possible effects due to contact potentials, electron absorption in
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Figure 54. Overall schematic of apparatus used in this work. A closeup view of the
electron energy analyzer is also illustrated. Shown are 1) target capillary; 2) entrance
collimator, 3) brass sheet housing; 4) fine mesh grids to provide for acceleration o r
deceleration of the electron beam prior to entering the deflection region (not used in our
experiment); 5) parallel plate analyzer with fringe-field plates; 6) fine mesh grid for
acceleration of electrons into channeltron; 7) channeltron housing; 8) channeltron; 9)
charge-sensitive preamp and signal out
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Figure 55. Schematic diagram of microwave ion source.
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background gas, and a neutral beam fraction were studied and shown to be negligible.
(See Refs. 29 and 34.)
An x-y recorder was used to collect data with the x axis driven by the changing
voltage across the analyzer plates and the y axis driven by a ratemeter connected to the
output o f the Channeltron detector and amplifier circ u it The detector efficiency
function was determined by making a calibration run involving H + + He with an
incident proton energy of 100 keV and an electron-ejection angle of 30 degrees. This
spectrum was then compared to the data of Rudd, Toburen, and Stolterfoht35, and the
relative detector efficiency versus electron energy was obtained by dividing Rudd's data
by our unnormalized cross sections obtained from the x-y plots. Calibration runs were
made both before and after experimental data were taken and the detector efficiency was
observed to remain constant. Beam current, chamber pressure, and rate-meter gain
were recorded, and with the use of the detector efficiency function, the relative doublydifferential cross sections were obtained and normalized to the calibration run.
Absolute cross sections were then computed by normalizing the analyzed data to the
absolute cross sections reported by Rudd et al. for 50 eV electrons ejected at 30 degrees
by 100 keV incident protons.35

B. RESULTS AND DISCUSSIONS
In Fig. 56 doubly-differential cross sections are plotted in velocity space for H+ +
He ionizing collisions at an electron-ejection angle of 17 degrees and projectile energies
of 60 to 200 keV.29 Similar data for 25 degrees were also obtained. Such plots, which
are representative o f electron emission at nonzero angles, clearly show that a large
portion o f electrons are found traveling at speeds close to that of the saddle-point of the
system. The maximum of the electron spectra shown increases from ve/v o f 0.4 to
0.8 as the proton energy decreases. This may be attributed to the increasing importance
o f electron capture for lower projectile energies, and other dynamical effects. The
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Figure 56.

Doubly-differential cross sections in velocity space for electrons ejected

from He targets at 17° for 60, 100, 150, and 200 keV protons. The filled squares are
absolute values from classical calculations. The open squares are experimental data.
The open circles are from Ref. 35. (The doubly-differential cross sections are plotted
vs. the ratio of ejected electron velocity to projectile velocity Ve/vp.)
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CTMC calculations of Olson displayed in Fig. 56 are in qualitative agreement in shape
and absolute magnitude with the observed spectra, except at 60 keV where the ratio of
the proton to helium-electron velocities are at the lower limit o f validity of the CTMC
method.23
In order to clearly observe the dominant ionization mechanism, one must make
observations at electron-ejection angles greater than zero.

At zero degrees, the

spectrum is dominated by electrons that are moving at v =v , resulting from the
e p
charge-transfer to the continuum (CTC) mechanism. As the ejection angle is increased,
the CTC electrons fall off and the spectrum begins to be dominated by mid-velocity
electrons. Calculations of the relative contribution to the total ionization cross section
have been made for electron emission into a i l degree acceptance angle at 0 and 17
degrees for a 100 keV projectile energy.29 After integrating the cross sections over
-19
2
velocity, it is found that the zero degree electron contribution is 2.6 x 10
cm and
the electron contribution at 17 degrees is 3 x 10
section is 9.6 x 10

-17

-18

2
cm . The calculated total cross

2
cm . This clearly shows that the CTC mechanism, though

important at zero degrees, only contributes a small fraction to the total ionization
process, while a more substantial portion of the electrons are emitted at larger angles.
From these observations, one may conclude that mid-velocity electrons dominate the
whole emission spectrum, at least to angles as high as 25 degrees, though this does not
explicitly confirm that saddle-point ionization is the mechanism involved.
Another experimental test of the saddle-point mechanism is to examine ionization of
other rare gases. Experimental data for protons incident on Ne is illustrated in Fig. 57.
As can be seen, the data for Ne exhibits similar behavior to that o f protons on He,
except that the Ne spectrum is shifted farther outward in electron energy. Further
investigations of Ne spectra at several projectile energies confirmed this shift and it was
also observed by Gay et al.

or

After inspection of other rare gas data, it was observed

that the spectra tended to shift toward higher Ve/vp values with Ne, and then shift back
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Figure 57.

Doubly-differential cross sections plotted in velocity space for protons

incident on He (solid squares) and on Ne (solid circles). Incident projectile energy is
100 keV and the data were taken at a 17 degree ejection angle.

da/dfidv (xlO- 1 7 cm 2 /sr*au)
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toward low er Vg/Vp values as the target gas was changed to Ar, Kr, and Xe. A
qualitative explanation o f this puzzling phenomenon can be m ade using the idea o f
saddle-point ionization.
It can easily be shown that the position of the saddle-point

relative to the target,

as seen by the electron, is given by

r sp = Ry(1 + [Q(/Q l]V2) ,

(27)

where R is the intemuclear separation, Qp is the projectile charge, and Qt is the charge
on the ionized target. The velocity o f the saddle-point Vsp is then given by

v s p = y (1 + [ < v Q t]I/2) ■

<2 8 >

where vp is the projectile velocity. For the H+ + H collisional system, the velocity o f
the saddle-point is 0.5vp. Since there are more electrons in the target for the rare gases,
the outer electrons can penetrate inside the inner electronic shells and see a higher
charge on the nucleus. Initially, the outer electron sees some "effective" charge on the
target nucleus before the collision. After the electron is removed, the charge on the
target approaches one as the electron leaves the target nucleus. Thus, the charge on the
target, as seen by the electron, is no longer static, but is a function o f time. This clearly
should have some effect on the average velocity o f the saddle-point. One may estimate
the time dependent charge o f the target by using an average o r effective charge.
Calculations o f the effective charges can be made using Slater's rules and the results for
the rare gases are given in Table V.37 Using the effective charges for

in Eq. (28),

one sees that the velocity o f the saddle-point increases when the target is changed from
He to Ne, and then decreases when the target is changed to Ar, Kr, and Xe, agreeing
quite well with the observation that the peak in the electron spectrum shifts outw ard
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Table V.

The effective charges for the rare gases, calculated from

Slater’s rules in Ref. 37.

Gas

Effective Charge

He

1.70

Ne

2.93

Ar

2.25

Kr

2.23

Xe

2.06
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with Ne and shifts back inward for Ar, Kr, and Xe. Although this seems to be a rather
naive result, it does suggest that saddle-point ionization is the mechanism responsible
for this phenomenon. (At this time no other explanation for this phenomenon is known
to exist)
Another experimental test o f the saddle-point mechanism would be to make direct
comparisons between protons and alpha particle projectiles at the same incident velocity
on a given atomic targ et Initially, one would expect that since the alpha particle has
twice the charge as the proton, the electrons would tend to be pulled twice as hard
resulting in an outward shift o f the maximum in the forward ejected-electron velocity
spectrum.

Figure 58 compares the electronic potentials for the two projectiles with an

H target In each case the target is considered at rest and the projectile is traveling with
a speed v . When the charge o f the projectile is increased, its Coulomb well becomes
deeper and the traveling equiforce position is shifted toward the lesser charge. Since
the velocity o f the equiforce, o r saddle-point location is given by Eq. (28), the velocity
of the saddle-point changes from 0.5 Vp to 0.4 lVp when the projectile is changed from
+

H to He

2+

. Thus, this particular experiment provides an excellent test for the validity

of the saddle-point mechanism.
Figures 59 through 61 compare both raw and final data for electron spectra for H +
3 2+
and He
projectiles with the same incident velocities. As can be seen, the alpha
particle ejected-electron velocity spectrum is clearly shifted "inward" from the proton
spectrum, agreeing very nicely with the saddle-point theory. (This shift was also
observed at angles as high as 30 degrees.) One may question the fact that the peaks in
the spectra do not correspond with the geometric values o f the saddle velocities of the
systems. This can be attributed to other dynamical effects involved in the collision,
which this model does not take into account, such as post-collisional acceleration or
deceleration o f the electron due to the charges on the target and projectile etc. Figure 60
also compares the experimental data with the CTMC calculations. The classical
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Figure 58.

Potential energy plots for a target charge of 1 and projectile charges o f 1

and 2. The target was placed at r = l for convenience.
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Figure 58
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Figure 59. Raw electron spectra taken fo r incident projectile energies o f 120 keV/amu
and an ejection angle o f 17°.

The electron energy scan is from 4 to 60 eV for both

protons and alpha particles.

The upper curves fo r each spectrum were taken with

cham ber pressures of 2 x 10’^ Ton*. T he lower curves are gas-out background scans
(chamber pressure * 3 x 10"^ T o rr).
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Figure 60. Doubly-differential cross sections for electron production at 100 keV/amu
plotted in velocity space.

Relative errors for alpha particle and proton data are as

indicated. Absolute error resulting from normalization to the data in Ref. 35 is about
25% .
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Figure 61. Doubly-differential cross sections for electron production at 60 keV/amu.
Error bars indicate relative error. Absolute error due to normalization is about 25 %.
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Figure 61
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calculations observe no appreciable shift in the spectra, though there is excellent
agreement in the magnitude o f the doubly-differential cross sections.34

C. SADDLE-POINT SCALING METHOD
Our experimental observations of ejected-electron velocity spectra resulting from
ionizing collisions strongly imply that saddle-point ionization is an important
mechanism in such collisions and that a large portion o f forward-ejected electrons are
somehow being stranded on or near the saddle position o f the system. One may
naively argue that an electron sitting on the saddle position is in a state o f unstable
equilibrium and that the electron will eventually fall into one of the potential wells. This
assumption can be shown to be incorrect, however, by transforming to the coordinate
system in which the saddle-point is at rest. Velocities V', measured in this coordinate
system, are related to the laboratory coordinate velocities V by the transformation

where Vgp is the saddle velocity given by Eq. (28). The projectile and target ion
velocities vp’ and vt\ as measured in the rest frame o f the saddle-point, are then

Vp’ = ( l - Y ) v p ,

and

vt = - 7 V p .

where
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Y= 1/(1 + [Qp/QJ1^2) ,

and vp is the velocity o f the projectile in laboratory coordinates. If an electron is
initially placed in a region near the saddle-point, the net Coulomb force on the electron
will be, by definition, small. In addition, if the electron's initial velocity ve' is much
less than vp' and V(,

Ive’l «

Ivp’l

lvc'l «

Ivj’l ,

(or, in other words, ve * Vgp in laboratory coordinates) then any existing net force on
the electron will rapidly approach zero as the projectile and target ions travel away from
the saddle-point Therefore, if an electron is initially placed in a region near the saddlepoint and has a velocity comparable to that o f the saddle-point, it w ill not have a
tendency to fall into either the projectile or target ion potential wells, i.e., the electron
becomes ionized.
One can look at this from another view point If the above assumption, that the
electron will always fall into one o f the potential wells, was valid, ionization (in which
a free electron is produced) would never occur. The electron would always fall back
into the target atom or would be captured by the projectile. Thus, our attention must be
focussed on the saddle-point o f the system in order to develop an understanding o f
ionization. The remaining question is how the electron initially becomes stranded on or
near the saddle position.
Figure 62 illustrates the trajectory o f the projectile and saddle-point in a classical
picture o f the collision and may help one to envision a possible explanation for how the
electron initially becomes stranded on o r near the saddle position. As the projectile
approaches the target atom, the saddle precedes the projectile, moving at a slower
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Figure 62. Illustration o f the trajectory o f the projectile and saddle-point in an ionizing
collision.

The num bers represent successive positions as the projectile passes the

target atom. Ro represents the distance o f closest approach.

PATH OF PROJECTILE------------PATH OF SAOOLE POINT-------Figure 62
oo
K)
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velocity [see Eq. (28)]. Then, as the projectile passes the distance o f closest approach,
the saddle recedes behind the projectile. If the saddle passes near the electron at the
distance o f closest approach, the net Coulomb force on the electron will become
negligible. In addition, if the electron is moving in the same general direction and
speed as the saddle, the Coulomb force will remain negligible and the electron will
freely emerge from the collision with a velocity near the saddle velocity. In order to
match the saddle velocity to the electron’s orbital velocity, the projectile should have an
incident energy

given in amu by

(29)

E p= 1836Eke[l + (Qp/Qt)1/2]2

where E ^ e is the electron’s most probable orbital kinetic energy. If this ’’saddle
matching" phenomenon is the dominant ionization mechanism, then one would expect
to observe a maximum in the total single-ionization cross section near the projectile
energy given by Eq. (29). Since there exists an electron momentum probability
distribution within the target atom, one also expects that the total single-ionization cross
section vs. projectile velocity curve will be a crude mapping of the electron momentum
distribution. In addition, since the saddle-point moves with a slower velocity when the
projectile charge is increased, the projectile would have to have a higher incident
velocity to maintain matching of its saddle velocity with the orbiting electron. Hence,
the cross section maximum would shift to higher velocities when the projectile charge
increases. The total single ionization cross sections in Fig. 53 show that this systematic
shift does indeed occur.
The relative values of the ionization cross sections can be understood by using
conservation of energy and the position of the saddle-point, r

sp

, given by
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r sp = R /[l + (Q j/Q ,)1'2] = y R ,

(30)

where R is the intemuclear separation. The potential energy of the electron is

<)>= -Q /lr I -

Qp/IR-rl .

By substitution o f the position o f the saddle-point r

(31)

sp

for r in Eq. (31), the potential

energy o f the saddle position, 6 sp, becomes

*sp=-(1/R>[QA + <V(1’Y)1*

(32)

If the distance o f closest approach between the projectile and target atom is RQ, then the
minimum potential energy of the saddle-point is given by

«min^) = -d/Ro) [Q A + Qp/d-Y)].

(33)

When the projectile is at R = ± °o , the potential energy of the saddle-point is zero. As
the projectile approaches the target atom, the potential energy o f the saddle decreases
and reaches a minimum value at the distance of closest approach. Then the potential
energy o f the saddle-point rises as the projectile travels outward. From a classical
viewpoint, the only way that the electron can be ionized is if the minimum value o f the
potential energy o f the saddle-point, at closest approach, is less than or equal to the
binding energy o f the electron. (It must be energetically possible for the electron to get
out o f the potential well of the target.) When the minimum value o f the saddle's
potential energy is set equal to the binding energy o f the electron within the target E^,
the distance o f closest approach Ro required for ionization can be obtained:
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Ro = d / E b)[ Q /y + Qp/d-Y) 1 = (l/E b)[Qt1/2 + Qp1/2 ]2 .

(34)

Therefore, ionization can only occur if the distance o f closest approach is less than or
equal to Ro given in Eq. (34). In other words, the projectile must pass within the cross
sectional area o

a = x R02 = ( Jt/Eb2)[ Qt1/2 + Qp1/2 ]4

(35)

= B[Q ,l/2 + Qpl/2]4 ,

centered about the target atom in order to induce ionization.
Equations (29) and (35) then represent two necessary conditions that must be met
in order for ionization to occur. The projectile must pass within the cross sectional area
given by Eq. (35) and the electron must have an initial orbital velocity close to that of
the saddle velocity. These conditions can be combined, in principle, by multiplying
Eq. (35) by the probability that the electron has an orbital velocity close to that of the
saddle velocity. Nonetheless, this model is suitable for obtaining scaling laws for
ionization cross sections since the electron momentum probability density distribution
within the target atom is independent of projectile charge.
Figure 63 illustrates the projectile charge dependence of ionization cross sections
for H targets. Comparison between the saddle-point model and experiment is made for
the maximum cross section values versus the charge of C ^+ and 0 ^ + projectiles.
Equation (35) was normalized to the experimental data to produce the best f it Excellent
agreement between the model and experiment is seen. The projectile energy at which
the cross section maximum occurs is plotted versus projectile charge in Fig. 64. The
constant A in Eq. (29) was determined by trial and error, to obtain the best "eyeball" fit
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Figure 63.

Maximum cross sections vs projectile charge for C^+ , 0 ^ + + H. Open

circles represent the calculated values from Eq. (35) and are normalized to produce the
best fit. Solid circles and triangles are from Ref. 27.
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Figure 64. The projectile energy at which the cross section maximum occurs is plotted
vs projectile charge. Open circles are calculated from Eq. (29) and are normalized to
produce the best fit
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and yielded A = 12.4 keV/amu. The above value of A in Eq. (29) results in a most
probable electron orbital kinetic energy of 6.73 eV, which is not unreasonable since the
maximum value in the electron momentum probability density distribution for H occurs
at 4.53 eV. (The classical E^e is 13.6 eV.)
A final comparison of the saddle-point model with experiment can be made with the
empirical experimental scaling laws mentioned in the introduction to this section. In
order to compare the results of Eqs. (29) and (35) to the empirical scaling laws, Eqs.
(25) and (26), it was necessary to determine the power-law scaling of Ep from Eq.
(29). This was accomplished by plotting InEp versus lnQp, for Qp = 1 to 8. A least
squares fit determined the exponent of Qp (with Qt= l) from

Ep * aQpx

(36)

and yielded x = 0.63 ± 0.02, in agreement with the empirical experimental scaling law
value of 0.65. (The error in x results from the standard deviation o f the slope of InEp
plotted versus lnQp.) When Qt is set equal to 1, Eqs. (29) and (35) yield

Ep = A ( l + Q p1/2)2

and

o = B ( l + Q p 1/2)4

(37)

.

As can be seen, the cross section scales as the square of the energy position

o = B ( l + Qp,/2)4 ~ Ep2 = A2(l + 0 1/2)4 .

(38)

Examination o f the empirical scaling Eqs. (25) and (26) shows that the experimental
cross section also scales exactly as the square of the energy position
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°max = b9 1'3 “ a2q(0'65)2

(39)

From this classical viewpoint, it appears that the effect o f the saddle-point is to
"select" electrons to be ionized from the target atom. When a projectile passes a target
atom, the electrons that have a velocity comparable to that o f the saddle-point velocity
are preferentially ionized since the Coulomb force on these electrons becomes negligible
and remains negligible as they travel away with the saddle region. Since there exists a
probability distribution of the electron's orbital velocity within the target atom, the
ionization cross section vs. projectile velocity curves are, in a sense, a crude mapping
o f this distribution. When the charge of the projectile is increased, the slower moving
saddle-point ionizes the slower moving electrons. Hence, one observes an inward shift
in the ejected-electron velocity spectrum.34 Since the saddle position shifts further
inward toward the target atom when the projectile charge is increased, the projectile
does not have to pass as close as another with lesser charge to induce ionization. The
ionization cross section increases when the projectile charge increases.
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D. CONCLUSIONS
In conclusion, it appears that there exists two conditions for which ionization is
favorable. The first one is that the ,,saddle-point,, o f the system must travel at a speed
near the electron's most probable orbital velocity. The second condition is that the
saddle-point must pass near the vicinity of the electron to be ionized. These conditions
not only give an intuitive picture of ionization, but also yield scaling laws which agree
very well with what have until now been empirical experimental laws. In addition, if
this model is accepted as valid, it may be possible to use it as a "probe" to measure
electron orbital velocity distributions within more complex atoms or molecules other
than atomic hydrogen. Thus, the saddle-point mechanism appears to be a much more
global phenomenon than previously expected and the empirical scaling laws seem to be
a direct consequence of this.38
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